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PREFACE 

Candida albicans (C. albicans) remains one of the most clinically significant fungal pathogens affecting 

women of reproductive age, contributing to both acute vulvovaginal candidiasis (VVC) and recurrent 

vulvovaginal candidiasis (RVVC). The rising burden of antifungal resistance among C. albicans 

isolates, coupled with strain diversity, biofilm formation, and host-related susceptibility factors, 

continues to challenge effective management of this infection. In South Africa, unique demographic 

and clinical determinants, including high human immunodeficiency virus (HIV) prevalence, shape 

women’s vulnerability to RVVC. The limited availability of local genotypic, phenotypic, and molecular 

data has restricted efforts to fully characterise C. albicans within this population. 

The research presented in this thesis was therefore conducted to address these gaps by examining C. 

albicans isolates from South African women through a multifaceted investigative approach. This study 

explored the organism’s genotypic diversity using ABC genotyping, assessed antifungal susceptibility 

patterns with an emphasis on fluconazole resistance, analysed molecular resistance mechanisms through 

ERG11 gene expression and phylogenetic profiling, and evaluated the antifungal and antibiofilm 

potential of natural therapeutics, including plant-derived nanoemulsions and Lactobacillus cell-free 

supernatants (CFSs). Together, these complementary methodologies offer a comprehensive and 

integrated understanding of C. albicans behaviour, resistance evolution, and potential avenues for 

alternative treatment within this context. 

The experimental work described in this thesis was conducted at the School of Clinical Medicine 

Research Laboratory and the Department of Medical Microbiology, Nelson R. Mandela School of 

Medicine, University of KwaZulu-Natal (UKZN), Durban, South Africa. All work was carried out 

under the supervision of Doctor Refilwe Phemelo Molatlhegi and the co-supervision of Professor 

Nathlee Abbai. This study contributes foundational knowledge to the growing field of Candida research 

in South Africa and provides critical insights to guide future surveillance, diagnostic development, and 

the exploration of novel therapeutic strategies. 
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ABSTRACT 

Introduction: Candida albicans remains the leading cause of vulvovaginal candidiasis (VVC), posing 

a persistent threat to women’s reproductive health globally. Increasing resistance to azole antifungals, 

driven by strain diversity, biofilm formation, and molecular mechanisms such as ERG11 overexpression, 

has complicated treatment outcomes and contributed to recurrent infections. Despite extensive global 

research, there is limited data from South Africa regarding genotype distribution, resistance patterns, 

and the role of alternative therapeutics.  

Methods: A cross-sectional study was conducted using stored Candida isolates obtained from pregnant 

and non-pregnant women attending Victoria Mxenge Hospital in Durban, South Africa. Isolates were 

confirmed as C. albicans using germ-tube testing and molecular identification. Antifungal susceptibility 

was assessed via broth microdilution to determine fluconazole minimum inhibitory concentrations 

(MICs). ABC genotyping of the 25S ribosomal deoxyribonucleic acid (rDNA) region classified isolates 

into genotypes A, B, and C. Molecular analysis involved ribonucleic acid (RNA) extraction, 

complementary deoxyribonucleic acid (cDNA) synthesis, and droplet digital PCR (ddPCR) to quantify 

ERG11 expression. Phylogenetic analysis assessed genetic relationships. Additionally, nanoemulsions 

derived from Azadirachta indica, Moringa oleifera, and Ocimum tenuiflorum, along with Lactobacillus 

cell-free supernatants (CFS), were evaluated for antifungal and antibiofilm activity using MIC and 

microtiter plate (MTP) assays. 

Results: All 72 isolates were identified as C. albicans, with genotype A predominating (62.5%), 

followed by genotype B (26.4%) and genotype C (11.1%). Fluconazole resistance was observed in 

13.9% of isolates, with MICs ranging from 8 µg/mL to >256 µg/mL. Resistance was strongly associated 

with genotypes A and C, while genotype B remained fully susceptible. Significant ERG11 

overexpression (1.31-3.73-fold) was detected in most resistant isolates, although one isolate 

demonstrated resistance independent of ERG11 upregulation. Phylogenetic analysis revealed clustering 

of resistant strains. While fluconazole was ineffective against resistant biofilms, plant nanoemulsions 

at 1000 µM completely inhibited biofilm formation, and Lactobacillus CFS significantly reduced early 

biofilm development, though efficacy varied by strain. 

Conclusion: These findings highlight emerging resistance trends and support the potential of alternative 

therapeutics in managing drug-resistant and recurrent VVC (RVVC) in South Africa. 
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CHAPTER 1 

1.1 Thesis Overview  

1.1.1 Thesis structure 

This thesis follows the thesis-by-manuscript format stipulated by the College of Health Sciences at the 

University of KwaZulu-Natal. Each manuscript is presented in accordance with the specific formatting 

and submission requirements of its respective journal. The thesis is guided by the following chapters: 

Chapter 1: This chapter provides a review of the literature on C. albicans, consisting of an introduction 

to the study, a description of the problem statement, research questions, rationale, aim, and objectives 

of the study. The literature review titled “The rising threat of antifungal resistance: A 

comprehensive review of Candida infections and vulnerable populations.” is presented in the format 

of a manuscript that was submitted to MicrobiologyOpen (Under Review). Manuscript ID: 3028254. 

Chapter 2: This chapter is entitled: “Correlation between genotypes and antifungal susceptibility 

profiles of Candida isolates from pregnant and non-pregnant women in South Africa.” This paper 

characterises the genetic diversity of C. albicans isolates using ABC genotyping and correlates these 

genotypes with antifungal susceptibility profiles among pregnant and non-pregnant South African 

women. This manuscript was submitted to Journal of Medical Laboratory Science & Technology of 

South Africa 2025; 7(2):6-15 and was published (Appendix C) on the 24th of November 2025. 

https://doi.org/10.36303/JMLSTSA.282  

Chapter 3: This chapter is entitled: “ERG11 overexpression and genetic divergence drive 

fluconazole resistance in clinical Candida albicans: A droplet digital polymerase chain reaction 

and phylogenetic analysis.” This paper investigates the molecular basis of fluconazole resistance by 

quantifying ERG11 gene expression using droplet digital polymerase chain reaction and analysing the 

phylogenetic relationships of resistant and susceptible C. albicans isolates. This manuscript was 

submitted to International Journal of Microbiology (Under Review). Manuscript ID: 3361235. 

Chapter 4: This chapter is entitled: “Antibiofilm and antifungal activity of natural therapeutics 

against Candida albicans: A focus on plant nanoemulsions and Lactobacillus supernatants.” This 

paper evaluates the antifungal and antibiofilm efficacy of plant-based nanoemulsions and 

Lactobacillus-derived supernatants against clinical C. albicans isolates, highlighting their potential as 

complementary therapeutic agents. This manuscript was submitted to International Journal of 

Microbiology (Under Review). Manuscript ID: 2957550. 

Chapter 5: This final chapter presents an integrated synthesis of the study, contextualizing its key 

findings within existing literature. It further outlines the study’s strengths, and limitations, and 
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concludes with the overarching insights derived from the project alongside recommendations for future 

research. 

1.1.2 Study design and Methodology 

Ethics approval for this research was obtained from the Biomedical Research Ethics Committee 

(BREC) of the University of KwaZulu-Natal (UKZN) (BREC/00005995/2023). This study forms part 

of a broader investigation (BREC/00003674/2021), conducted within the Clinical Medicine Research 

Laboratory at the Nelson R. Mandela School of Medicine, UKZN. The research utilised stored C. 

albicans isolates (n = 72) obtained from a previous cross-sectional study conducted among pregnant 

and non-pregnant women attending public healthcare facilities in Durban, South Africa. The parent 

study recruited participants who provided demographic, clinical, and behavioural data, as well as self-

collected vaginal swabs for microbiological analysis. 

A comprehensive laboratory-based approach was employed to investigate phenotypic antifungal 

susceptibility, strain diversity, molecular mechanisms of azole resistance, and the therapeutic potential 

of natural antifungal agents. The study encompassed several interconnected experimental components. 

First, stored C. albicans isolates were revived, sub-cultured, and confirmed using germ-tube testing and 

molecular identification assays. Antifungal susceptibility testing was performed using the broth 

microdilution method to determine minimum inhibitory concentrations (MICs) for fluconazole and 

related azole agents. 

Genotypic characterization of the isolates was conducted using the ABC genotyping method, which 

involves amplification of the 25S rDNA region. This approach allows for classification of isolates into 

genotypes A, B, C, or D, enabling exploration of potential associations with antifungal susceptibility 

patterns. Molecular evaluation of fluconazole resistance mechanisms involved RNA extraction, cDNA 

synthesis, and quantification of ERG11 gene expression using ddPCR assays. Phylogenetic analysis 

was conducted to assess evolutionary relationships between resistant and susceptible isolates. 

To explore alternative therapeutic options, plant-derived nanoemulsions formulated from A. indica, M. 

oleifera, and O. tenuiflorum, extracts were synthesised and characterised before being tested against 

planktonic and biofilm-forming C. albicans. Lactobacillus CFSs were also prepared and evaluated for 

their inhibitory effects on fungal growth and biofilm development. Antifungal and antibiofilm activity 

were assessed using MIC and MTP assays. 

All experimental work was conducted at the Clinical Medicine Research Laboratory at the Nelson R. 

Mandela School of Medicine and the Department of Medical Microbiology, UKZN. Data generated 

from the various experimental procedures contributed to a comprehensive analysis of the 

epidemiological, genetic, phenotypic, and molecular characteristics of C. albicans, as well as an 
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evaluation of natural therapeutic strategies with potential clinical applicability. The flow diagram 

presented below summarises the overall methodology employed in this thesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 
 

1.2 Introduction 

Fungal infections remain a significant and often under-recognised public health problem globally, 

affecting millions of individuals each year and contributing substantially to morbidity, reduced quality 

of life, and increased healthcare expenditure. Among these infections, vulvovaginal candidiasis (VVC) 

represents one of the most common conditions affecting women, particularly those of reproductive age, 

with Candida albicans (C. albicans) identified as the predominant causative agent in both 

uncomplicated and recurrent cases (Gonçalves et al., 2016; Denning et al., 2018). Although VVC is 

typically considered a benign mucosal infection, its impact is far-reaching. Up to 75% of women will 

experience at least one episode during their lifetime, and approximately 138 million women are affected 

by recurrent VVC (RVVC) annually, highlighting its immense global burden (Denning et al., 2018). 

Women suffering from RVVC frequently report substantial physical discomfort, emotional distress, 

impairment in sexual and reproductive well-being, and disruption of daily activities, underscoring the 

multidimensional burden of this condition (Sobel, 2016). Recent reports even suggest an upward trend 

in RVVC incidence due to factors including widespread antibiotic use, contraceptive hormonal 

modulation, and the rising prevalence of antifungal-resistant strains (de Cássia Orlandi Sardi et al., 

2021). 

The epidemiology of Candida infections has undergone considerable shifts over the last two decades, 

with an increasing number of infections caused by non-albicans Candida (NAC) species such as 

Candida glabrata (C. glabrata), Candida tropicalis (C. tropicalis), Candida parapsilosis (C. 

parapsilosis), and the emerging pathogen Candida auris (C. auris) (Pappas et al., 2018). NAC species 

often possess intrinsic or inducible resistance to azoles, which complicates therapeutic management and 

contributes to treatment failure (Arendrup and Patterson, 2017). In sub-Saharan Africa, including South 

Africa, NAC species are isolated with greater frequency in women with RVVC or persistent VVC, 

suggesting complex ecological and host-driven influences on species distribution (Donders, Bellen and 

Mendling, 2010; Sobel, 2024). These shifts may be driven by alterations in host immunity, human 

immunodeficiency virus (HIV) prevalence, widespread exposure to antifungals, environmental 

pressures, and microbiome dysbiosis (Zaongo et al., 2023). Concurrently, the global rise in antifungal 

resistance has been recognised as an urgent health threat, prompting the World Health Organization 

(WHO) to prioritise C. albicans, C. glabrata, and C. auris as fungal pathogens requiring immediate 

research attention (Organization, 2022). 

Antifungal therapy for Candida infections is dominated by four major drug classes: azoles, polyenes, 

echinocandins, and flucytosine (Cowen et al., 2015). Of these, fluconazole remains the first-line 

treatment for VVC due to its favourable pharmacokinetic properties, oral availability, affordability, and 

widespread familiarity among clinicians (Pappas et al., 2018). However, increasing fluconazole 

resistance has emerged in both C. albicans and NAC species, driven by repeated or prophylactic azole 

exposure, inappropriate antifungal prescribing, and clonal expansion of resistant strains (Perlin, 
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Rautemaa-Richardson and Alastruey-Izquierdo, 2017). South African surveillance studies have 

similarly reported rising azole non-susceptibility and significant changes in species distribution, 

emphasizing the need for robust local epidemiological monitoring (Naicker et al., 2016). Resistance not 

only complicates treatment but also poses a risk of recurrent episodes, persistent colonisation, and 

progression to systemic disease, especially in vulnerable immunocompromised populations. 

At the molecular level, azole resistance in C. albicans results from intricate adaptive mechanisms. 

Central to this is the ERG11 gene, which encodes lanosterol 14α-demethylase, the primary target of 

azole drugs. Resistance may arise from overexpression of ERG11, point mutations that reduce drug 

binding, or regulatory pathway disruptions that enhance sterol biosynthesis flux (Nishimoto, Sharma 

and Rogers, 2019; Lee et al., 2020). Mutations in transcription factors such as TAC1, UPC2, and MRR1 

further amplify efflux pump expression, contributing to multidrug resistance (Arastehfar et al., 2020b). 

Structural and biochemical analyses have revealed how specific amino acid substitutions in ERG11 alter 

the binding landscape for azole drugs, thereby diminishing their inhibitory effect (Flowers et al., 2015). 

These adaptations are often accompanied by changes in membrane sterol composition, activation of 

oxidative stress response pathways, and enhanced chaperone activity, illustrating the multifaceted 

nature of azole resistance (Cernicka and Subik, 2006; Popp et al., 2017). 

Biofilm formation adds another critical dimension to Candida pathogenesis and antifungal resistance. 

Biofilms are structured communities of cells embedded within an extracellular matrix that confer 

substantial protection against antifungal agents and host immune responses (Nett and Andes, 2020). 

Biofilm-associated cells exhibit up to 1000-fold higher tolerance to azoles compared to planktonic cells 

due to matrix-mediated drug sequestration, nutrient gradients, the presence of metabolically dormant 

persister cells, and upregulated stress-response pathways (Wall et al., 2019; Lohse et al., 2020). In the 

vaginal environment, biofilms contribute to persistent colonisation and recurrent symptoms, making 

them an important therapeutic target (de Cássia Orlandi Sardi et al., 2021). This barrier to effective 

therapy is particularly relevant in women with immunosuppression, HIV infection, pregnancy, diabetes 

mellitus, or disrupted vaginal microbiota, all of which heighten susceptibility to biofilm-associated 

infections (Achkar and Fries, 2010). 

Genetic diversity among C. albicans strains further influences pathogenicity, virulence, and antifungal 

susceptibility. Molecular typing methods, including multilocus sequence typing and microsatellite 

typing, have demonstrated substantial intra-species variability (Ge et al., 2010). ABC genotyping, a 

rapid and cost-effective method based on polymerase chain reaction (PCR) amplification of the 25S 

ribosomal deoxyribonucleic acid (rDNA) region, allows classification of C. albicans into genotypes A, 

B, C, and D (Fornari et al., 2016; Gharaghani et al., 2022). Globally, genotype A is the most prevalent 

and has been associated with increased virulence and antifungal resistance (Al-Groom, Ali and Shaqra, 
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2024). Differences in genotype distribution across regions may reflect host factors, environmental 

pressures, microevolution, and antifungal exposure patterns (Gerós-Mesquita et al., 2020).  

In addition to genotypic variation, transcriptional and physiological differences among isolates also 

influence treatment outcomes. Overexpression of ERG11 is a well-established mechanism of 

fluconazole resistance, and recent high-resolution studies using quantitative polymerase chain reaction 

(qPCR) have revealed substantial transcriptional activation of sterol biosynthesis pathways in resistant 

isolates (Doorley et al., 2023). These insights underscore the complexity of resistance and the need for 

multi-layered approaches that integrate phenotypic susceptibility data, genotypic classification, and 

molecular analyses. 

Given the limitations of current antifungal drugs, increasing resistance rates, and the challenge posed 

by biofilm-associated tolerance, there is growing interest in plant-derived natural therapeutics, 

nanotechnology-based drug delivery systems, and probiotic interventions. Several plant extracts, 

including Azadirachta indica (A. indica), Moringa oleifera (M. oleifera), Ocimum tenuiflorum (O. 

tenuiflorum), thymol and eugenol-containing botanicals, possess strong antifungal and antibiofilm 

properties (Naicker, Govender and Abbai, 2024; Gao et al., 2024). Their incorporation into 

nanoemulsions can significantly enhance solubility, stability, and mucosal penetration, making them 

promising therapeutic candidates for mucosal infections such as VVC (Faustino and Pinheiro, 2020). A. 

indica-based nanoformulations have been shown to inhibit adhesion, filamentation, and biofilm 

maturation in C. albicans, with minimal haemolytic toxicity (Khan and Javed, 2021). Similarly, O. 

tenuiflorum and M. oleifera extracts exhibit broad-spectrum antimicrobial properties that may 

contribute to alternative treatment strategies for drug-resistant strains (Naicker, Govender and Abbai, 

2024). 

In parallel, Lactobacillus species play a crucial role in maintaining vaginal homeostasis through the 

production of lactic acid, competitive exclusion, the secretion of antimicrobial peptides, and the 

modulation of immune responses (van de Wijgert and Verwijs, 2020). Metabolites derived from 

Lactobacillus species have demonstrated the ability to inhibit C. albicans adhesion, suppress hyphal 

growth, disrupt biofilms, and reduce virulence factors (Poon and Hui, 2023). These findings suggest 

that probiotic-based therapeutics may offer a complementary or adjunctive strategy in preventing or 

managing RVVC, particularly in women with microbiome dysbiosis or those at risk of drug-resistant 

infections. 

Taken together, the expanding global burden of VVC, the rise of antifungal resistance, the challenges 

posed by biofilm-associated infections, the diversity among C. albicans genotypes, and the growing 

interest in natural therapeutics collectively highlight the need for comprehensive research. This thesis 

integrates epidemiological, genotypic, molecular, and therapeutic perspectives to provide a multifaceted 

understanding of C. albicans infections among South African women. By combining genotypic 
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surveillance data with antifungal susceptibility profiles, exploring ERG11 expression and gene 

divergence, and evaluating the efficacy of plant-based nanoemulsions and Lactobacillus supernatants, 

this work aims to contribute evidence that can inform improved prevention, diagnosis, and treatment 

strategies for Candida infections in resource-limited settings. 

 

1.3 Problem statement  

Candida infections continue to pose a significant global health challenge, yet their true burden remains 

underrecognized, particularly in low- and middle-income regions (Bongomin et al., 2017). VVC and 

RVVC affect millions of women worldwide each year, leading to substantial discomfort, reduced quality 

of life, and increased healthcare expenditure (Sobel, 2016; Denning et al., 2018). Despite this high 

prevalence, the epidemiology, strain diversity, and resistance patterns of C. albicans in many settings, 

including South Africa, are poorly characterised. This is concerning, given that antifungal resistance, 

particularly to fluconazole, has risen globally over the last decade (Whaley, 2018; Fisher et al., 2022). 

Increasing azole resistance among both C. albicans and NAC species complicates clinical management 

and contributes to persistent or recurrent infections (Arendrup and Patterson, 2017). South African 

surveillance studies have similarly documented emerging resistance and shifting species distributions, 

yet comprehensive local data integrating genotypic profiles with antifungal susceptibility remain 

limited (Naicker et al., 2016; Chibabhai, 2022). 

In addition to increasing drug resistance, the biological complexity of C. albicans presents further 

therapeutic challenges. Biofilm formation significantly reduces antifungal penetration and efficacy, 

making infections more persistent and challenging to treat (Nett and Andes, 2020; Lohse et al., 2020). 

Biofilm-associated tolerance contributes to recurrent disease, particularly in women with risk factors 

such as pregnancy, HIV infection, diabetes, or vaginal microbiome disruption (Achkar and Fries, 2010). 

At the molecular level, mechanisms such as ERG11 overexpression, point mutations, and efflux pump 

activation are well-described contributors to azole resistance globally (Nishimoto, Sharma and Rogers, 

2019; Lee et al., 2020). However, the extent to which these mechanisms operate in South African 

clinical isolates remains poorly understood, and few studies have examined the relationship between 

genotype, gene expression, and phenotypic resistance in local C. albicans strains. 

Furthermore, although natural therapeutics, such as plant-based nanoemulsions and Lactobacillus-

derived metabolites, have demonstrated potent antifungal and antibiofilm properties in local and 

international studies (Poon and Hui, 2023; Naicker, Govender and Abbai, 2024; Gao et al., 2024). Their 

effectiveness against South African C. albicans isolates has not been adequately explored. Limited 

research into safe, cost-effective alternative therapies presents a critical gap, especially in resource-

limited settings where access to advanced antifungals is restricted. 



8 
 

Overall, despite the high prevalence of VVC and the growing global threat of antifungal resistance, 

there is a lack of integrated research in South Africa that links strain diversity, antifungal susceptibility 

patterns, molecular resistance mechanisms, and emerging therapeutic alternatives. Without such 

evidence, effective management of Candida infections remains challenging, particularly for women 

who are pregnant, immunocompromised, or experiencing recurrent disease. Addressing these gaps is 

crucial for enhancing diagnosis, informing effective treatment strategies, and guiding future research in 

the local context. 

 

1.4 Research questions 

1.4.1 What are the antifungal susceptibility profiles of C. albicans isolates obtained from South African 

women, and what patterns of azole resistance are evident in this population? 

1.4.2 How are C. albicans isolates genetically distributed according to ABC genotyping, and do specific 

genotypes show a greater association with fluconazole resistance? 

1.4.3 What molecular mechanisms underlie fluconazole resistance in these isolates, specifically in 

relation to ERG11 gene expression levels and phylogenetic clustering? 

1.4.4 Do O. tenuiflorum, A. indica, and M. oleifera plant-based nanoemulsions exhibit antifungal and 

antibiofilm activity against planktonic and biofilm-forming C. albicans isolates? 

1.4.5 To what extent do Lactobacillus-derived cell-free supernatants (CFSs) inhibit the growth and 

biofilm formation of C. albicans, and how do these effects compare to those of plant nanoemulsions? 

1.4.6 How can the integration of phenotypic, genotypic, molecular, and therapeutic data contribute to a 

more comprehensive understanding of recurrent and treatment-resistant Candida infections in South 

African women? 

 

1.5 Rationale 

Candida infections, particularly VVC and RVVC, remain a significant yet often underappreciated 

public health concern, especially among women of reproductive age. Despite their high global 

prevalence and substantial impact on women’s physical, emotional, and reproductive well-being, 

significant gaps remain in understanding the epidemiology, strain diversity, and resistance patterns of 

C. albicans in many regions, including South Africa (Nyirjesy and Sobel, 2003; Denning et al., 2018). 

These gaps are concerning because antifungal resistance, especially to fluconazole, the most widely 

used treatment for VVC, continues to rise globally and locally (Whaley, 2018; Fisher et al., 2022). 

Without accurate, regionally representative data on susceptibility profiles and the molecular 
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mechanisms driving resistance, clinical decision-making remains limited, and treatment failures 

become increasingly common. 

There is a particular need for research in South Africa, where unique population dynamics, HIV 

prevalence, socio-economic challenges, and variations in antifungal prescribing may influence Candida 

epidemiology and resistance patterns (Omrani, 2014; Naicker et al., 2016). Yet, few studies have 

comprehensively examined the relationship between C. albicans genotypes, antifungal susceptibility 

patterns, and clinical outcomes in South African women. ABC genotyping offers valuable insight into 

strain diversity and potential associations between genotype and resistance, but local data remain sparse 

and fragmented (Fornari et al., 2016; Gharaghani et al., 2022). Generating this information is essential 

for surveillance, early detection of emerging resistant strains, and guiding empiric therapy. 

Additionally, the molecular basis of azole resistance, particularly the role of ERG11 mutations and 

overexpression, has been widely described globally but is poorly characterised in South African clinical 

isolates (Nishimoto, Sharma and Rogers, 2019; Lee et al., 2020). Understanding whether local resistant 

strains exhibit similar or distinct molecular signatures, including patterns of ERG11 gene expression, 

sequence variations, and phylogenetic clustering, will provide insight into the evolution of resistance 

within this population. Such information is necessary to inform diagnostic strategies, support antifungal 

stewardship, and identify potential molecular targets for future therapies. Without integrating 

phenotypic, genotypic, and molecular data, the true drivers of resistance in the South African context 

remain unclear. 

At the same time, the growing inadequacy of existing antifungal therapies highlights the urgent need to 

explore alternative, accessible, and culturally acceptable treatment options. Natural therapeutics, 

including plant-based compounds such as A. indica, M. oleifera, and O. tenuiflorum, have demonstrated 

promising antifungal and antibiofilm activity internationally, particularly when formulated as 

nanoemulsions that enhance stability, solubility, and mucosal penetration (Naicker, Govender and Abbai, 

2024; Gao et al., 2024). Likewise, Lactobacillus-derived metabolites offer a biologically grounded 

approach to restoring vaginal microbiota balance, inhibiting Candida growth, and disrupting biofilms 

(van de Wijgert and Verwijs, 2020; Poon and Hui, 2023). Yet, despite their potential relevance for 

resource-limited settings, these natural therapeutics have not been evaluated against South African C. 

albicans isolates. Locally generated data are essential to determine whether these promising alternatives 

hold therapeutic value for the women most affected by VVC and RVVC. 

This study is therefore justified by the need to address multiple, intersecting gaps in the current 

understanding of Candida infections among South African women. By examining strain distribution 

and genotype-phenotype relationships, characterising molecular mechanisms of fluconazole resistance, 

and evaluating the antifungal and antibiofilm activity of natural therapeutics, this thesis provides a 

comprehensive, multidimensional analysis that reflects both clinical and public health priorities. The 
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integration of epidemiological, molecular, and therapeutic investigations will generate evidence that is 

directly applicable to clinical practice, antifungal stewardship, and the development of innovative 

treatment strategies. Ultimately, this research aims to contribute to improved management and 

prevention of Candida infections in a population disproportionately affected by recurrent, resistant, and 

biofilm-associated disease. 

 

1.6 Aim of the study 

This thesis aimed to generate a comprehensive understanding of the epidemiological, phenotypic, 

genotypic, and molecular characteristics of C. albicans isolates obtained from South African women, 

while evaluating the potential of natural therapeutic strategies to improve the management of VVC. 

 

1.7 Objectives of the study 

1.7.1 To determine the antifungal susceptibility profiles of C. albicans isolates and describe local 

patterns of azole resistance. 

1.7.2 To characterise the strain diversity of C. albicans using ABC genotyping and assess potential 

associations between genotype and antifungal resistance. 

1.7.3 To investigate molecular mechanisms of fluconazole resistance through quantification of ERG11 

gene expression and phylogenetic analysis of resistant and susceptible isolates. 

1.7.4 To evaluate the antifungal and antibiofilm activity of A. indica, M. oleifera, and O. tenuiflorum, 

plant-based nanoemulsions against planktonic and biofilm-forming C. albicans isolates. 

1.7.5 To assess the inhibitory effects of Lactobacillus-derived CFSs on the growth and biofilm 

formation of C. albicans. 

1.7.6 To integrate phenotypic, genotypic, molecular, and therapeutic findings to provide a holistic and 

locally relevant understanding of the factors contributing to recurrent and treatment-resistant Candida 

infections. 
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Abstract 

Candida infections continue to pose a serious global health concern, particularly in 

immunocompromised individuals, pregnant women, and vulnerable age groups. The increasing 

emergence of antifungal resistance among both Candida albicans and non-albicans Candida species 

complicates treatment outcomes and poses a threat to public health. Resistance mechanisms are 

multifactorial, involving point mutations in key genes such as ERG11, FKS1, and FKS2, as well as 

overexpression of efflux pumps like CDR1, CDR2, and MDR1. Biofilm formation and genomic 

adaptations such as aneuploidy and LOH further support persistent infections and treatment failure. 

Geographical and species-specific variations in resistance are evident, with Candida auris, Candida 

glabrata, and Candida parapsilosis emerging as major multidrug-resistant pathogens. Host-related risk 

factors, including human immunodeficiency virus (HIV) infection, pregnancy, and advanced age, 

significantly contribute to susceptibility to infection and influence disease severity. Furthermore, racial 

and ethnic disparities in healthcare access and treatment outcomes have resulted in disproportionate 

infection burdens among African American, Hispanic, Indigenous, and Southeast Asian populations. 

Conventional antifungals, although still useful, are facing declining effectiveness due to resistance. 

Promising alternatives, such as plant-based nanoemulsions, probiotics, peptides, and drug repurposing, 

are being explored; however, clinical integration remains limited. This review underscores the pressing 

need for precision antifungal strategies, equitable access to healthcare, and ongoing research into 

innovative therapeutics. An interdisciplinary, patient-centred approach is vital to address the rising tide 

of Candida resistance and ensure better health outcomes globally. 

Keywords: Candida ǀ antifungal resistance ǀ probiotics ǀ biofilms ǀ health disparities  

 

Introduction 

Candida species are among the most prevalent fungal pathogens affecting humans, with infections 

ranging from superficial mucosal colonization to invasive systemic diseases. Although Candida 

albicans (C. albicans) has long been considered the most dominant and virulent species, global 

epidemiological surveillance has revealed a substantial shift toward non-albicans Candida (NAC) 

species such as Candida glabrata (C. glabrata), Candida parapsilosis (C. parapsilosis), Candida 

tropicalis (C. tropicalis), and the multidrug-resistant Candida auris (C. auris) (1, 2). These species are 

emerging as major contributors to nosocomial bloodstream infections and vulvovaginal candidiasis 

(VVC), particularly in immunocompromised individuals, pregnant women, and neonates. Surveillance 

programs, such as the Secure Electronic Network for Travelers Rapid Inspection (SENTRY) and the 

Korea Global Antimicrobial Resistance Surveillance System (Kor-GLASS), have highlighted 

geographical differences in species prevalence and antifungal resistance patterns, emphasizing the 

importance of regional diagnostic and therapeutic strategies (3, 4). The increasing frequency of 
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antifungal resistance, particularly to azoles such as fluconazole and voriconazole, poses a significant 

challenge in managing Candida infections. Resistance is predominantly driven by point mutations in 

ERG11, the overexpression of drug efflux pump genes, including CDR1, CDR2, and MDR1, as well as 

chromosomal amplifications that elevate resistance gene dosage (3, 5). Echinocandin resistance, once 

rare, is now a growing concern, particularly in C. glabrata and C. auris, with mutations in the FKS1 

and FKS2 genes that compromise the activity of first-line agents such as anidulafungin, micafungin, 

and caspofungin (6, 7). Additionally, biofilm formation, a key virulence factor, provides a protected 

niche for fungal cells, enhancing drug tolerance and persistence, which often leads to chronic or 

relapsing infections (8, 9). The genomic adaptability of Candida further complicates treatment, with 

resistance arising through mechanisms such as chromosomal rearrangements, aneuploidy, loss of 

heterozygosity (LOH), and the formation of supernumerary chromosomes (10, 11). These changes 

facilitate rapid evolution under antifungal pressure, especially during prolonged or subtherapeutic 

exposure. Whole-genome sequencing and transcriptomic studies have revealed upregulation of stress 

response genes and efflux regulators, allowing Candida species to persist despite antifungal treatment 

(12, 13). Clinical isolates from recurrent infections often exhibit increased expression of heat shock 

proteins and resistance-related transcription factors such as TAC1 and UPC2, which further exacerbate 

drug resistance and therapeutic failure (14, 15). Host-specific factors also influence susceptibility to 

Candida infections. Immunocompromised individuals, such as those living with human 

immunodeficiency virus (HIV) or undergoing chemotherapy, are at increased risk due to impaired 

mucosal immunity (16, 17). Pregnant women are also highly susceptible due to elevated oestrogen 

levels, altered vaginal pH, and immune modulation that facilitates fungal colonization and biofilm 

formation (18, 19). Age adds another layer of complexity, as both neonates and the elderly exhibit 

diminished immune responses that predispose them to candidiasis (20, 21). Moreover, racial and ethnic 

disparities have emerged as significant determinants of Candida infection outcomes. Populations 

including African Americans, Hispanics, and Indigenous individuals face higher infection rates and 

worse outcomes due to structural inequities, delayed treatment, limited healthcare access, and a higher 

burden of comorbidities (22-24). These disparities are especially pronounced in resource-limited 

regions, where diagnostic and treatment capabilities are often constrained, further enabling the spread 

of resistant Candida strains (25). In response to rising resistance, significant research has focused on 

developing novel antifungal therapies and alternative strategies. These include plant-derived 

nanoemulsions, antimicrobial peptides, probiotics, and repurposed pharmaceuticals, many of which 

show promise in preclinical models but require further validation before clinical integration (26-28). 

However, challenges such as formulation stability, strain specificity, cost, and regulatory hurdles 

continue to limit their widespread adoption, particularly in underserved regions. This review synthesizes 

current insights into the molecular, genomic, and environmental drivers of Candida resistance and 

explores both traditional and emerging therapeutic strategies. By examining the intersections of genetics, 

host physiology, social determinants of health, and treatment innovation, this paper aims to provide a 
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comprehensive understanding of the growing threat of drug-resistant Candida and to inform future 

directions in clinical and public health practice. 

Global epidemiological shifts in Candida species 

Global surveillance programs such as SENTRY and Kor-GLASS have revealed striking regional 

differences in the prevalence and antifungal resistance of Candida species. In the United States and 

parts of Europe, C. glabrata has emerged as the most common NAC species, responsible for up to 30% 

of bloodstream infections. It is notably resistant to fluconazole and increasingly non-susceptible to 

echinocandins, presenting significant therapeutic challenges (1, 7). In the Asia-Pacific region, C. 

tropicalis is the dominant NAC species, with rising fluconazole resistance and elevated minimum 

inhibitory concentrations (MICs) to voriconazole, which complicates the treatment of invasive 

infections (2). In South America and parts of Southern Europe, C. parapsilosis has gained attention due 

to the widespread presence of the ERG11 Y132F mutation, which confers azole resistance. Its 

association with nosocomial transmission and clonal spread raises further concerns (29). The global rise 

of C. auris is the most alarming trend. This multidrug-resistant species is often misidentified using 

conventional diagnostic methods and is associated with high mortality and nosocomial outbreaks (3). 

In regions such as South Africa, India, and Latin America, C. auris isolates frequently show resistance 

to all four major antifungal drug classes. This highlights the urgent need for accurate identification, 

targeted therapy, and robust infection prevention measures (3, 4). 

Resistance patterns and antifungal mechanisms in Candida species 

Although C. albicans remains the most frequently isolated species, fluconazole resistance is an 

increasing concern, largely due to ERG11 gene mutations that alter lanosterol 14α-demethylase and 

reduce azole binding affinity (5). Additional resistance mechanisms include overexpression of efflux 

pumps such as CDR1, CDR2, and MDR1, which lower intracellular drug concentrations (3). While 

voriconazole has shown efficacy against fluconazole-resistant C. albicans, cross-resistance is emerging 

(4). Echinocandin resistance, on the other hand, is particularly evident in C. glabrata and C. auris, 

where FKS1 and FKS2 mutations reduce susceptibility to anidulafungin, micafungin, and caspofungin 

(6, 7). These mutations may be accompanied by compensatory pathways that support fungal survival 

under echinocandin stress (11), and in C. glabrata, MSH2 mutator alleles have been linked to rapid 

resistance acquisition (15). C. auris presents a global threat with over 90% of isolates resistant to 

fluconazole and increasing resistance to echinocandins through FKS1 S639F mutations, particularly in 

intensive care settings (5, 30). It also evolves resistance rapidly via chromosomal duplications and 

adaptive mutations. Resistance is further enhanced by efflux pump overexpression and ERG11 

mutations such as Y132F and K143R (3). C. glabrata continues to show high-level fluconazole 

resistance and exceeds 25% in some regions, which is primarily due to PDR1-mediated efflux activation 

and hypermutability associated with MSH2 variants (7, 15). Biofilm formation in C. glabrata, C. auris, 
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and Candida haemulonii (C. haemulonii) further impairs antifungal efficacy, limiting drug penetration 

and protecting tolerant cell populations (8). Although C. albicans remains generally susceptible to 

fluconazole, mutations in ERG11 and increased efflux activity have led to treatment failures, especially 

in persistent infections (31, 32). Other NAC species have also developed significant resistance. C. 

parapsilosis, once considered fluconazole-susceptible, now shows rising resistance due to the ERG11 

Y132F mutation, with rates exceeding 30% in some settings. This mutation is also linked to clonal 

hospital outbreaks and co-resistance to voriconazole (29). Echinocandin resistance in C. parapsilosis is 

emerging and is associated with FKS1 S656P mutations (1). C. tropicalis demonstrates increasing azole 

resistance in Asia and Latin America, driven by ERG11 mutations and UPC2-mediated overexpression 

of ergosterol pathway genes (2). Molecular genotyping has confirmed clonal transmission in healthcare 

settings. Finally, the C. haemulonii species complex, including Candida duobushaemulonii and 

Candida pseudohaemulonii, poses a unique challenge due to intrinsic resistance to azoles and 

amphotericin B, as well as reduced susceptibility to echinocandins and robust biofilm formation, which 

complicates treatment (8). These evolving resistance patterns across Candida species underscore the 

urgency for comprehensive surveillance and antifungal stewardship. 

Drug-specific factors affecting the susceptibility of Candida species 

Antifungal agents target essential fungal processes, but resistance can arise through overlapping and 

drug-specific mechanisms (Figure 1). Azoles, including fluconazole and voriconazole, function by 

inhibiting ergosterol biosynthesis through the inhibition of lanosterol 14α-demethylase, encoded by 

ERG11. Resistance results from ERG11 point mutations that alter the drug-binding site and reduce azole 

affinity (33). In addition, overexpression of efflux pumps, particularly CDR1 and CDR2, lowers 

intracellular drug concentrations, thereby reducing azole effectiveness (34). Biofilm formation adds 

another dimension to azole resistance. The ECM restricts drug penetration, shielding embedded fungal 

cells from effective exposure and allowing them to survive treatment (35). Consequently, azoles often 

fail in biofilm-associated infections. Echinocandins disrupt the fungal cell wall by inhibiting β-1,3-

glucan synthase. While generally effective, resistance occurs through mutations in FKS1 and FKS2, 

which alter the catalytic domain of the enzyme, decreasing drug binding and efficacy (36). Additionally, 

biofilm-associated cells show reduced echinocandin susceptibility compared to their planktonic 

counterparts (37). Polyenes, such as amphotericin B, exert their antifungal activity by binding to 

ergosterol in the fungal membrane, creating pores that lead to cell death. Resistance to polyenes may 

arise through mutations in ERG3, which reduce ergosterol content and limit drug binding (38). 

Moreover, antioxidant enzyme production in some Candida strains helps neutralize reactive oxygen 

species generated during amphotericin B action, thereby diminishing its efficacy (34). Together, these 

drug-specific mechanisms demonstrate that Candida species can adapt their physiology and genetic 

expression to overcome various antifungal challenges, emphasizing the need for drug-specific 

susceptibility testing in clinical management. 
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Figure 1: The four primary classes of antifungal drugs each target distinct cellular mechanisms: (I) 

Azoles inhibit the enzyme ERG11, blocking ergosterol synthesis and compromising membrane integrity. 

(II) Polyenes interact directly with ergosterol, forming pores in the fungal cell membrane that lead to 

ion leakage and cell death. (III) Echinocandins inhibit β-glucan synthase, weakening the fungal cell 

wall by disrupting glucan formation. (IV) Nucleoside analogues are incorporated into fungal nucleic 

acids, interfering with deoxyribonucleic acid (DNA) and ribonucleic acid synthesis [Adapted from 

Czajka et al., 2023] (39). 

 

Genomic adaptability and genetic variability in Candida species 

A defining feature of Candida species is their remarkable genomic plasticity, which enables rapid 

adaptation and results in key resistance mechanisms to antifungal drugs (Figure 2). This is particularly 

evident during prolonged azole exposure, where resistance arises through mechanisms such as 

aneuploidy, chromosomal rearrangements, and LOH, enhancing survival under stress (11). 

Experimental evolution studies have demonstrated that exposure to fluconazole drives the development 

of segmental aneuploidies, particularly involving chromosome 5, which harbours key resistance genes, 

including ERG11 and TAC1. The duplication of these regions results in simultaneous overexpression of 

drug targets and resistance regulators, contributing to high-level fluconazole resistance while 

maintaining cellular fitness (10). In some cases, C. albicans develops supernumerary centric 

chromosomes, additional chromosomes with duplicated centromeres that confer genomic stability and 

resistance (10). Beyond structural variation, Candida species exhibit substantial genetic diversity that 

significantly influences antifungal susceptibility. Clinical isolates of C. albicans exhibit wide variability 

in fluconazole MICs and are often associated with ERG11 mutations, such as Y132H and K143R. 

Similarly, C. auris frequently harbours Y132F and K143R mutations, which reduce azole binding 
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affinity (32, 40). Resistance also stems from ERG11 overexpression, which is frequently driven by gain-

of-function mutations in transcription factors like UPC2, a mechanism observed in C. tropicalis and C. 

parapsilosis, even in the absence of coding sequence changes (2, 29). Efflux pump overexpression 

further exacerbates resistance. Transcriptional activators, including TAC1 in C. albicans and PDR1 in 

C. glabrata regulate transporters such as CDR1, CDR2, and MDR1. Gain-of-function mutations in these 

regulators lead to constitutive pump activation and elevated azole MICs (15, 41). However, not all 

PDR1 mutations are functionally significant, as some may be neutral or suppressive, reflecting the 

complexity of genetic background effects (13). Broader genomic adaptations, such as chromosomal 

duplications and LOH, also contribute to resistance. Amplification of chromosome 5, which includes 

both ERG11 and CDR1, is commonly observed in fluconazole-resistant C. albicans (37). C. auris 

likewise demonstrates segmental duplications and large-scale rearrangements that elevate resistance to 

multiple antifungal classes (36, 42). LOH further supports resistance by eliminating drug-sensitive 

alleles. Echinocandin resistance is primarily driven by mutations in FKS1 and FKS2, which encode β-

1,3-D-glucan synthase. These mutations, commonly found in conserved hotspot regions, reduce the 

binding affinity of echinocandins. For instance, C. glabrata harbours F659Y and D666Y mutations in 

FKS2, while C. auris frequently exhibits FKS1 S639F mutations in Clade I and III isolates and both are 

associated with treatment failure (7, 30, 43). Additionally, genomic instability contributes to the 

development of resistance. In C. glabrata, mutations in the DNA mismatch repair gene MSH2 result in 

a hypermutator phenotype, accelerating the emergence of resistance-conferring mutations (15), 

although some MSH2 variants may be neutral (44). The ABC genotyping technique is widely applied 

to C. albicans, utilizing polymerase chain reaction (PCR) amplification of the 25S ribosomal DNA 

region to differentiate isolates into four genotypes: A (450 bp), B (840 bp), C (both 450 bp and 840 bp), 

and D (1080 bp) (45). Genotypes A, B, and C are the most frequently identified C. albicans genotypes 

with observed variations likely influenced by geographical differences (46-50). Population-level studies, 

including microsatellite typing and multilocus sequence typing, have revealed that different Candida 

genotypes vary not only in antifungal susceptibility but also in the expression of virulence factors (33). 

In C. glabrata, hospital outbreaks have been traced to clonal expansion of resistant genotypes (51). C. 

auris shows clade-specific susceptibility profiles; Clade I isolates are typically fluconazole-resistant, 

whereas Clade IV strains tend to be more susceptible (52). These findings underscore the importance 

of continuous molecular surveillance in informing treatment guidelines and infection control strategies.  
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Figure 2: A schematic overview highlighting key resistance mechanisms to antifungal drugs in C. 

albicans infections. Mutations in genes such as ERG and FKS alter the corresponding drug targets, 

thereby reducing the efficacy of drug binding. Additionally, mutations in two critical transcription 

factors can lead to the upregulation of adenosine triphosphate (ATP)-binding cassette (ABC) and major 

facilitator transporters, resulting in the overexpression of efflux pumps that actively expel antifungal 

agents. Overexpression of specific genes can also increase the abundance of drug targets, such as 

ergosterol, thereby reducing the effectiveness of the drugs. Furthermore, antifungal-induced membrane 

stress can activate specific regulatory pathways and gene expression, contributing to enhanced drug 

tolerance [Adapted from Gao et al., 2024] (53). 

Phenotypic mechanisms and host-related influences on antifungal resistance of Candida species 

In addition to genetic determinants, Candida species exhibit phenotypic plasticity, which significantly 

affects their antifungal susceptibility. One of the most prominent phenotypic adaptations is biofilm 

formation, a key virulence trait (Figure 3). Compared to planktonic cells, biofilm-associated cells 

display up to 1,000-fold higher resistance to antifungals, particularly fluconazole and echinocandins 

(37). This is especially problematic in nosocomial infections, where biofilms form on indwelling 

devices, such as catheters and prosthetics (35). The biofilm extracellular matrix (ECM) (Figure 4), 

composed of β-glucans, mannans, proteins, and extracellular DNA, acts as both a physical and chemical 

barrier, sequestering drugs and limiting their penetration (9, 36). Notably, biofilm formation leads to 

elevated MICs across Candida strains regardless of their genotypes, emphasizing the importance of this 

phenotypic state in clinical resistance (54). While C. auris forms thinner biofilms than C. albicans, its 

resistance is still significant due to the presence of matrix glucans and the upregulation of efflux pumps 

(9). Biofilm development is also accompanied by metabolic reprogramming and transcriptional changes 

that enhance survival under antifungal stress. Cells within biofilms upregulate genes involved in drug 

efflux (CDR1, CDR2, MDR1), oxidative stress response, and nutrient adaptation (13, 55). Persister cells 
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embedded in the biofilm further complicate treatment by tolerating antifungal exposure and reseeding 

infection after therapy. Environmental conditions that mimic the host, such as oxidative stress, acidic 

pH, hypoxia, and temperature shifts, modulate antifungal responses. For example, C. albicans increases 

the expression of oxidative stress genes, such as SOD2 and CAP1, in response to reactive oxygen 

species (13). Acidic environments, particularly those in vaginal niches, influence azole uptake and 

efflux activity, while nutrient limitation promotes TAC1-driven expression of efflux pumps. Shifts from 

environmental to host temperature (25°C to 37°C) affect membrane composition and susceptibility to 

polyenes and azoles (56). Host-related factors also shape antifungal resistance. Immunocompromised 

patients, such as those with HIV, undergoing chemotherapy, or organ transplantation, are especially 

vulnerable to persistent infections due to impaired fungal clearance (57). Certain Candida genotypes 

can alter cell wall composition to evade immune responses, further reducing drug efficacy (33). 

Adaptive resistance, a reversible and transient increase in MICs after sublethal drug exposure, has been 

observed in C. glabrata. It involves immediate transcriptional responses that enhance survival without 

permanent genetic change (58). This adds complexity to clinical treatment, especially in recurrent or 

biofilm-associated infections. Emerging research also highlights epigenetic and transcriptional 

regulatory mechanisms in antifungal tolerance. Histone modifications, such as deacetylation and 

methylation can influence the expression of resistance genes (59). Regulatory rewiring, such as 

feedback loops involving TAC1, UPC2, and ERG11 can reinforce resistant phenotypes even in the 

absence of mutations. Together, these phenotypic and host-related factors create a dynamic layer of 

antifungal response that interacts with underlying genetic mechanisms, complicating treatment and 

reinforcing the need for integrated therapeutic approaches. 
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Figure 3: A visual depiction outlining the key virulence factors that contribute to Candida's 

pathogenicity in VVC. These include its ability to switch forms (polymorphism), display adhesins on 

its surface, produce invasive hydrolytic enzymes, evade the immune system, and form biofilms, all of 

which collectively aid in its colonization and persistence [Adapted from Chauhan et al., 2024] (60). 

 

 

Figure 4: A comparative schematic illustrating the three distinct stages of biofilm development in C. 

albicans, C. glabrata, C. tropicalis, and C. parapsilosis, emphasizing their varying abilities to produce 

ECM, the differences in ECM composition, and their distinct morphological transitions during biofilm 

formation [Adapted from Cavalheiro et al., 2018] (61). 
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Clinical, environmental, and epidemiological influences on antifungal resistance of Candida 

species 

While genotypic and phenotypic characteristics are fundamental to understanding antifungal resistance 

in Candida, clinical and environmental contexts significantly influence how these pathogens respond 

to treatment. Factors such as drug exposure history, healthcare setting, geographic variation, and patient-

specific risks collectively shape resistance patterns and treatment outcomes. Notably, the use of 

antifungal prophylaxis, particularly fluconazole and echinocandins, has been a major driver of 

resistance. Prolonged or subtherapeutic exposure selects for less susceptible genotypes, accelerating the 

emergence of resistance (1). In C. glabrata, prior azole exposure is strongly associated with PDR1-

mediated resistance (51), while echinocandin use promotes hotspot mutations in FKS1 and FKS2 across 

both C. glabrata and C. auris. Supporting this, murine model studies have shown that gastrointestinal 

colonization with C. glabrata can rapidly acquire echinocandin resistance under therapeutic pressure, 

emphasizing the gut as a reservoir for resistant strains capable of causing systemic infections (15). 

Nosocomial candidemia, often associated with invasive interventions such as central venous catheters, 

mechanical ventilation, and parenteral nutrition, which creates an ideal environment for biofilm 

formation and resistance development (54). In intensive care units (ICUs), empirical antifungal therapy 

further selects for azole- or echinocandin-resistant strains, particularly among high-risk groups such as 

transplant recipients and neonates. In these populations, C. parapsilosis and C. auris have been 

frequently implicated, with evidence of clonal spread and decreased susceptibility to drugs (62). 

Regional antifungal use, infection control practices, and the distribution of specific clades shape 

geographical trends in Candida resistance. For example, C. glabrata is predominant in North America, 

where fluconazole resistance and rising echinocandin resistance are major concerns (1). In the Asia-

Pacific region, C. tropicalis and C. parapsilosis show high azole resistance rates (2). Africa and South 

America have become epicentres for multidrug-resistant C. auris outbreaks, often involving clade-

specific variants (3, 4). Interestingly, a multicentre study in Brazil identified Clade IV C. auris isolates 

that, while still azole-susceptible, exhibited traits associated with outbreak potential, highlighting the 

importance of continuous surveillance (52). Host factors also play a critical role in resistance dynamics. 

Immunosuppression, whether from chemotherapy, HIV infection, or organ transplantation diminishes 

fungal clearance, allowing even susceptible isolates to cause persistent infections (32). The host 

microbiome further modulates Candida colonization and the evolution of resistance. Broad-spectrum 

antibiotics, by disrupting bacterial competitors, facilitate fungal overgrowth and promote resistance 

under antifungal pressure (63). Altogether, these clinical, environmental, and epidemiological variables 

form an intricate framework that intersects with genetic and phenotypic traits. This synergy often leads 

to unpredictable outcomes, underscoring the urgent need for precision antifungal strategies that 

integrate fungal biology with host factors, drug pharmacodynamics, and ecological context. 
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HIV and Candida: A synergistic burden on mucosal immunity 

HIV is a well-established predisposing factor for opportunistic fungal infections, particularly 

oropharyngeal candidiasis (OPC), oesophageal candidiasis (OEC), and VVC (64). The hallmark 

immunosuppression associated with HIV, especially the progressive depletion of cluster of 

differentiation 4-positive (CD4+) T cells, compromises mucosal immune defences and facilitates 

Candida colonization and overgrowth (17). C. albicans is the predominant pathogen in HIV-positive 

individuals and is frequently isolated from the oral cavity, gastrointestinal tract, and vaginal mucosa. 

Oral candidiasis often serves as an early clinical indicator of HIV progression (65, 66). The incidence 

of OPC and OEC increases markedly in individuals with CD4+ counts below 200 cells/μl and those 

with high viral loads, poor adherence to antiretroviral therapy (ART), or advanced immunosuppression 

(18, 67). Although ART has significantly reduced the prevalence of opportunistic fungal infections, 

VVC remains highly prevalent in HIV-positive women. It frequently presents as a recurrent infection 

and shows reduced susceptibility to first-line treatments such as fluconazole (68). Studies suggest that 

HIV-associated immune dysfunction alters the vaginal microbiome, reducing protective Lactobacillus 

species and promoting fungal colonization (69, 70). Furthermore, Candida isolates from HIV-positive 

patients often display enhanced biofilm formation, increased virulence, and antifungal resistance, 

contributing to persistent infections and therapeutic failure (71). These strains are also capable of 

inducing inflammatory cytokines, which can exacerbate systemic immune activation and potentially 

accelerate HIV disease progression (72). Co-infections and mucosal dysbiosis further complicate the 

clinical picture, especially in women of reproductive age, where hormonal fluctuations can impact 

microbial dynamics and immune responses. Given the high prevalence of antifungal resistance in HIV-

associated Candida infections, comprehensive clinical management is essential. This includes routine 

surveillance, early diagnosis, and the implementation of tailored antifungal therapies. Antifungal 

stewardship programs and ongoing research into alternative treatments, particularly those targeting 

biofilm and resistance pathways, will be critical to improving outcomes in this vulnerable population 

(17, 64). 

Pregnancy and hormonal influence on Candida growth 

Pregnancy represents a unique physiological state characterized by profound hormonal, metabolic, and 

immunological changes that significantly increase susceptibility to Candida colonization and infection. 

VVC is particularly common during pregnancy, with prevalence estimates ranging from 20% to over 

40%, depending on gestational age, population demographics, and geographic region (73, 74). Elevated 

oestrogen and progesterone levels throughout gestation play a central role in promoting Candida 

overgrowth. Oestrogen enhances glycogen deposition in the vaginal epithelium, which is metabolized 

into glucose and serves as a rich nutrient source for fungal proliferation (18). It also upregulates C. 

albicans adhesion, hyphal transformation, and biofilm formation. These are key steps in the 

establishment and persistence of infection (64, 75). Additionally, the glycogen-rich vaginal environment 
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during pregnancy creates ideal conditions for fungal growth and colonization. Pregnancy-induced 

immune modulation further contributes to this vulnerability. To maintain foetal tolerance, the maternal 

immune system suppresses T helper cell type 1 responses and skews toward a T helper cell type 2 

dominant profile, reducing mucosal immunity and compromising antifungal defences (18, 76). While 

essential for foetal protection, this immunological shift inadvertently enhances susceptibility to 

infections, including Candida (77). Beyond maternal discomfort, Candida infections during pregnancy 

pose significant risks to foetal and neonatal health. VVC has been associated with preterm labour and 

low birth weight, likely due to fungal-induced inflammation and immune activation (19). Rare cases of 

intrauterine infection have been documented, resulting in neonatal invasive candidiasis (NIC) and birth 

complications (21). Infants exposed to untreated maternal candidiasis during vaginal delivery are at 

increased risk of developing early-life infections such as oropharyngeal thrush and diaper dermatitis, 

especially if they are premature or immunocompromised (69, 77, 78). In low-resource settings, factors 

such as anaemia, poor nutrition, limited healthcare access, and comorbidities like HIV further elevate 

the burden of VVC in pregnancy (18, 65). Given the limited number of antifungal agents deemed safe 

for use during pregnancy, effective management relies on early diagnosis, routine prenatal screening, 

and microbiome-preserving therapies to protect both maternal and neonatal health. 

Age-related factors affecting the susceptibility of Candida species 

Age is a critical determinant in susceptibility to Candida colonization and infection, with both ends of 

the age spectrum, neonates and the elderly, displaying heightened vulnerability due to immunological 

immaturity or decline, altered mucosal environments, and associated risk factors (20). Neonates are 

particularly susceptible to Candida infections due to their underdeveloped immune systems, thin 

epithelial barriers, and exposure to maternal microbiota during birth. Vertical transmission from 

colonized mothers during vaginal delivery can result in oral thrush, diaper dermatitis, or more severe 

forms of systemic candidiasis (Figure 5) (17, 79, 80). Premature and low-birth-weight infants are 

especially at risk, as they often require prolonged hospitalisation in neonatal intensive care units 

(NICUs), invasive procedures, and broad-spectrum antibiotic therapy, all of which disrupt the 

developing microbiome and facilitate fungal colonization. Indeed, Candida bloodstream infections are 

among the most common nosocomial fungal infections in NICUs (19, 75). In adolescents, hormonal 

fluctuations associated with puberty and reproductive maturation, especially in females, can predispose 

individuals to VVC. Contributing factors include oral contraceptive use, frequent antibiotic exposure, 

and early sexual activity, all of which can disrupt the vaginal microbiota and favour Candida overgrowth 

(18, 73). Elderly individuals are also at increased risk due to immunosenescence, a gradual decline in 

immune function marked by reduced T-cell responsiveness, impaired neutrophil activity, and weakened 

mucosal barrier integrity (20, 21). Comorbidities such as diabetes, cancer, and chronic pulmonary 

disease further compromise host defences and are associated with higher rates of OPC and biofilm-

associated infections like denture stomatitis (64, 71). Medication use is another major contributor: 



24 
 

antibiotics, proton-pump inhibitors, and immunosuppressants frequently disrupt the microbiota, 

creating niches for fungal overgrowth (77, 81). Institutionalization, poor oral hygiene, and use of 

inhaled corticosteroids add to the burden of colonization and infection in this age group. The growing 

elderly population and the continued risk of NIC highlight the importance of age-specific strategies, 

including improved preventive care, microbiome-aware antifungal therapy, and routine screening in 

high-risk groups such as NICU patients and elderly individuals with chronic conditions (18). 

 

Figure 5: A visual depiction of how Candida spreads via vertical transmission from mother to infant 

during birth and through horizontal transmission between individuals or via contaminated environments 

[Adapted from Messina et al., 2024] (82). 

Intersections of risk: HIV, pregnancy, and age 

While HIV status, pregnancy, and age each independently heighten vulnerability to Candida infections, 

their intersection can significantly amplify risk, particularly among women of reproductive age living 

with HIV or aging individuals with long-term immunosuppression. These overlapping factors not only 

reflect biological susceptibility but also underscore deeper socioeconomic and healthcare disparities 

that shape infection outcomes. Pregnancy inherently alters the immune system and vaginal microbiota, 

creating a predisposition to Candida overgrowth. When coupled with HIV infection, this risk escalates 

dramatically, with increased incidence of VVC and OPC (65, 68). Fluconazole resistance and safety 

concerns during pregnancy further complicate treatment, narrowing therapeutic options in severe or 

recurrent cases (83). Compounding this, HIV-positive pregnant women often exhibit a vaginal 

microbiome deficient in Lactobacillus, weakening the mucosal barrier and promoting fungal 

colonization (67, 69). This dysbiosis is associated with adverse pregnancy outcomes such as preterm 

birth, low birth weight, and increased risk of NIC. In sub-Saharan Africa and other resource-limited 

regions, the impact is even more pronounced. Many young women experience a triple burden of high 
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HIV prevalence, limited maternal healthcare access, and recurrent, untreated fungal infections. The 

absence of routine screening and delayed access to care facilitates Candida persistence and vertical or 

sexual transmission (67). In these settings, fungal infections often go underdiagnosed and underreported, 

contributing to preventable complications for both mothers and infants. Although less frequently 

discussed, elderly individuals with HIV are usually long-term survivors on ART and represent an at-

risk group. Age-related immunosenescence, comorbidities, and polypharmacy, combined with residual 

immune dysfunction from HIV, create conditions conducive to chronic Candida colonization and 

biofilm-related infections (20, 81). Viewing Candida susceptibility through an intersectional lens is 

essential for developing effective public health responses. Interventions must address not only isolated 

risk factors but also the social and demographic realities that influence access to and outcomes of health 

care. Tailored antifungal strategies, increased screening in high-risk populations, and integrated care for 

women and underserved communities are critical to controlling the spread and impact of Candida 

infections. 

Emerging antifungal therapies and their limitations 

The global burden of candidiasis continues to rise, driven by increasing antifungal resistance resulting 

from the widespread use of broad-spectrum antibiotics and the growing number of 

immunocompromised patients. Fluconazole, once a cornerstone of antifungal therapy, has seen a 

decline in efficacy, particularly in cases of recurrent vulvovaginal candidiasis (RVVC) and invasive 

Candida infections, due to the emergence of resistant strains (26, 84). Conventional antifungals, 

including azoles, polyenes, and echinocandins, face significant limitations. These include toxicity at 

higher doses, poor tissue penetration in mucosal or biofilm-associated infections, resistance 

mechanisms such as efflux pump activation and biofilm shielding, and low patient adherence due to 

prolonged treatment durations or adverse effects. These challenges underscore the urgent need for 

alternative therapeutic strategies that are safer, more targeted, and capable of overcoming current 

resistance barriers. In response, researchers are exploring bio-friendly and multifunctional therapies. 

Natural compounds derived from medicinal plants, functional foods, and beneficial microbes have 

demonstrated immunomodulatory, antimicrobial, and anti-inflammatory properties, offering promising 

alternatives for antifungal treatment (26, 85). Among the most notable are plant-based nanoemulsions 

and probiotic therapies, which have shown encouraging results in both preclinical and early clinical 

studies. Advances in nanotechnology have further enhanced these therapies by improving solubility, 

bioavailability, and targeted delivery to infection sites. Several new-generation antifungal agents are 

also gaining attention. Rezafungin, a novel echinocandin, has a prolonged half-life, enabling less 

frequent dosing while maintaining potent activity against Candida species (86). Oteseconazole, a next-

generation azole, exhibits greater selectivity and reduced toxicity compared to fluconazole, making it a 

potential option for treating azole-resistant Candida (87). Encochleated amphotericin B is designed to 

minimize nephrotoxicity, one of the major drawbacks of conventional amphotericin B formulations (88). 
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Despite these advances, each of these novel therapies has notable shortfalls. Echinocandin resistance 

continues to emerge due to mutations in FKS1, which encodes a critical enzyme involved in fungal cell 

wall synthesis (28). Oteseconazole, while promising, has limited long-term safety data and a narrower 

spectrum of activity restricted to select Candida species (89). Additionally, the high cost of liposomal 

and encochleated amphotericin B formulations limits their accessibility in low-resource settings, where 

the burden of Candida infections is often highest (86). As resistance continues to outpace the 

development of new antifungals, integrated strategies combining novel agents with bio-targeted 

therapies, resistance monitoring, and personalized treatment regimens will be essential to curb the 

spread of Candida and improve patient outcomes globally. 

Repurposing existing drugs for antifungal use against Candida infections 

Drug repurposing has emerged as a promising and cost-effective strategy for identifying new antifungal 

treatments, particularly in the face of rising resistance and limited drug development pipelines. By 

leveraging existing pharmacological agents with known safety profiles, repurposing offers a faster route 

to clinical application compared to traditional drug discovery. One such agent is flucytosine, initially 

developed for bacterial infections. Though no longer used as monotherapy due to rapid resistance 

development, flucytosine has shown efficacy in combination therapies for Candida infections, 

particularly in immunocompromised patients (90). In addition, statins and certain antidepressants have 

been identified through high-throughput screening for their antifungal properties, demonstrating 

potential synergistic effects when combined with conventional antifungals (87). Despite these 

promising findings, repurposed drugs face several limitations. Many drugs exhibit low specificity, 

raising concerns about off-target effects and adverse safety profiles, particularly when used at higher 

doses (28). Others suffer from poor bioavailability at infection sites, especially in mucosal or biofilm-

associated infections, reducing their clinical utility (90). Moreover, some repurposed agents share 

resistance pathways with existing antifungals, which may limit their effectiveness in treating resistant 

Candida strains (87). While drug repurposing holds clear potential, its success in antifungal therapy 

will depend on the development of improved delivery mechanisms, pharmacodynamic optimization, 

and careful resistance profiling. When strategically combined with newer antifungal agents or delivery 

systems, repurposed drugs could contribute meaningfully to the evolving antifungal armamentarium. 

Alternative therapies against Candida infections: peptides, nanoparticles, and plant-based 

antifungals 

In response to the rising threat of antifungal resistance, novel therapeutic strategies are being explored, 

including antimicrobial peptides (AMPs), nanotechnology-based delivery systems, and plant-derived 

compounds. These approaches offer promising alternatives or adjuncts to conventional antifungals, 

particularly in targeting biofilms and resistant Candida strains. AMPs such as histatins and defensins 

exert antifungal activity by disrupting fungal cell membranes and have demonstrated efficacy against 
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Candida biofilms (86). Synthetic AMPs, including modified caspofungin derivatives, are under 

development to improve potency and stability (87). In parallel, nanoparticles such as silver and gold 

have shown vigorous antifungal activity, especially against azole-resistant strains of Candida (88). 

These nanoparticles disrupt cell membranes and biofilms, offering a unique mechanism of action that 

complements existing therapies. Liposomal drug delivery systems enhance the bioavailability of 

antifungal agents and reduce systemic toxicity by targeting infection sites more precisely (28). Essential 

oils, including tea tree oil and thymol, have shown broad-spectrum antifungal properties and the ability 

to disrupt biofilm architecture (88). Additionally, certain plant-derived alkaloids exhibit synergistic 

effects when combined with conventional antifungals, thereby improving efficacy and potentially 

reducing the risk of resistance (87). However, these emerging therapies also present notable limitations. 

Many AMPs are rapidly degraded in the bloodstream, significantly reducing their systemic efficacy 

(89). Furthermore, peptide-based drugs remain costly to manufacture, which hinders their widespread 

use, especially in low-resource settings (86). Nanoparticle-based antifungals, while promising, require 

further clinical validation to assess long-term safety and potential environmental toxicity (86, 87). In 

the case of natural compounds, challenges include batch-to-batch variability, which complicates 

standardization and regulatory approval (89). Moreover, despite their in vitro efficacy, essential oils 

lack robust clinical evidence for long-term safety and effectiveness in systemic or recurrent Candida 

infections (28). Overall, while these innovative approaches hold significant promise, their successful 

integration into clinical practice will require continued research, standardized production, and well-

designed clinical trials to address safety, efficacy, and scalability. 

Plant-based nanoemulsions: a promising frontier in antifungal therapy 

Plant-derived nanoemulsions have emerged as a novel and promising strategy for treating Candida 

infections, particularly in cases of drug resistance and biofilm-associated disease. These formulations 

incorporate bioactive phytochemicals within thermodynamically stable, nano-sized carriers, typically 

ranging from 20 to 200 nanometres, thereby enhancing the solubility, bioavailability, and targeted 

delivery of antifungal agents (91, 92). By embedding essential oils or plant-derived compounds into 

nanoscale emulsions, these systems exhibit multifaceted antifungal mechanisms, including the 

disruption of fungal cell membranes, inhibition of ergosterol synthesis (crucial for membrane integrity), 

and suppression of biofilm formation, which is central to Candida persistence and resistance (93). Their 

small droplet size facilitates enhanced penetration through mucosal surfaces and fungal biofilms while 

reducing systemic toxicity, making them especially suitable for intravaginal applications in RVVC or 

resistant VVC (26). Several plant nanoemulsions have demonstrated remarkable preclinical efficacy. 

For instance, thymol- and eugenol-based nanoemulsions effectively eradicated C. albicans biofilms 

(94), while berberine and curcumin nanoemulsions exhibited potent activity against fluconazole-

resistant strains by enhancing tissue penetration and disrupting membranes (27). Cinnamon essential 

oil nanoemulsions not only inhibited the growth and biofilm formation of C. albicans but also reduced 
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inflammation in murine vaginal candidiasis models (95). More advanced systems, such as silver-

secnidazole hybrid nanoemulsions combined with probiotics, demonstrated synergistic effects by 

destroying fungal membranes and enhancing Lactobacillus colonization, supporting both pathogen 

clearance and microbiome restoration (26). Porphyra oligosaccharide-based nanoemulsions further 

stimulated mucosal immunity and restored healthy vaginal flora, offering dual antifungal and 

immunomodulatory effects (85). Compared to conventional azoles and polyenes, plant-based 

nanoemulsions provide several advantages, including lower irritation and toxicity, enhanced biofilm 

penetration, a reduced likelihood of resistance development, and potential for use in combination 

therapies. These properties make them highly attractive candidates for localized drug delivery, 

particularly for patients experiencing chronic or recurrent infections. However, despite their promise, 

several limitations remain. Most efficacy data are derived from in vitro studies or animal models, with 

limited clinical trials validating long-term safety and effectiveness in humans (92). Stability can also be 

a concern; nanoemulsions require specific stabilizers to prevent degradation over time (96). 

Furthermore, variability in plant sources and extraction techniques can affect consistency and 

standardization (97). These challenges must be addressed before nanoemulsions can be widely adopted 

in clinical practice. Nonetheless, plant nanoemulsions represent an exciting direction for antifungal 

innovation, bridging traditional herbal therapeutics with cutting-edge nanomedicine to combat the 

growing threat of Candida resistance. 

Probiotics (Lactobacillus species) as an antifungal approach 

Probiotics, particularly strains of Lactobacillus, are emerging as valuable adjuncts or alternatives to 

conventional antifungal therapies, offering a bio-friendly approach to managing Candida infections. As 

natural residents of the healthy vaginal microbiota, Lactobacillus species play a pivotal role in 

maintaining microbial balance and preventing pathogenic overgrowth (Figure 6) (85, 98). The 

antifungal activity of probiotics is multifactorial, involving competition for adhesion sites on epithelial 

cells, which reduces Candida colonization. The production of antimicrobial compounds such as lactic 

acid, hydrogen peroxide, and bacteriocins, which inhibit fungal growth (99, 100), and modulation of 

host immunity, promoting mucosal defences and antifungal immune responses (101). Strains such as 

Lactobacillus rhamnosus (L. rhamnosus), Lactobacillus reuteri (L. reuteri), Lactobacillus crispatus, 

and Lactobacillus acidophilus have demonstrated anti-Candida effects both in vitro and in vivo, 

including inhibition of hyphal formation, suppression of biofilm development, and disruption of 

established fungal communities (101). Clinical studies further support the therapeutic value of 

probiotics. For example, a survey of VVC showed that the combination of L. rhamnosus and fluconazole 

significantly reduced recurrence rates compared to fluconazole alone (102). Probiotic supplementation, 

whether oral or intravaginal, has been shown to enhance the efficacy of azoles and plant-based 

antifungals, support the re-establishment of healthy vaginal flora following antifungal treatment, and 

reduce recurrence of VVC while improving overall treatment outcomes. Emerging delivery systems, 
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such as probiotic-loaded nanoformulations and dual-action therapies combining probiotics with 

antifungal agents, are being developed to increase mucosal colonization and prolong therapeutic effects 

(26). These innovative formulations aim to prevent relapse and overcome challenges associated with 

standard antifungal treatments. Probiotic therapies are particularly relevant for immunocompromised 

populations, including individuals with HIV, who often experience vaginal microbiome dysbiosis that 

predisposes them to Candida colonization. Reintroducing protective Lactobacillus strains has shown 

promise in restoring microbial equilibrium and reducing opportunistic fungal infections (99). However, 

several limitations remain. Not all Lactobacillus strains possess antifungal properties, meaning strain 

selection is critical (100). Many probiotics fail to establish long-term residency in the host, requiring 

repeated administration (101). Additionally, while rare, some probiotic strains may act as opportunistic 

pathogens in immunocompromised individuals, highlighting the importance of rigorous safety 

screening (100). Despite these challenges, probiotics represent a promising and adaptable tool in the 

fight against Candida, particularly when integrated into multifaceted treatment strategies tailored to 

individual patient profiles. 

 

Figure 6: An illustration showing how naturally occurring Lactobacillus species in the vaginal 

microbiota help regulate Candida colonization by maintaining an acidic environment with low pH and 

elevated lactate levels [Adapted from Chauhan et al., 2024] (60). 

Shortfalls and limitations of alternative therapies 

Developing new antifungal drugs is both costly and time-consuming, with limited financial incentives 

for pharmaceutical companies to invest in antifungal research and development (90). Regulatory 

approval processes add further delays, slowing access to innovative therapies even as the burden of 

fungal resistance continues to grow (87). Candida species pose a significant challenge due to their 

diverse and overlapping resistance mechanisms, including the activation of efflux pumps, robust biofilm 
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formation, and rapid genetic mutation (28). Alarmingly, resistance is already emerging against several 

next-generation antifungals, underscoring the urgent need for combination therapies and alternative 

treatment strategies (88). Although plant-based nanoemulsions and probiotic therapies offer promising 

antifungal potential, their integration into mainstream treatment remains hindered by several scientific, 

clinical, and logistical barriers. For nanoemulsions, issues related to stability and shelf life remain 

significant, as many plant-derived bioactives are sensitive to environmental factors such as light, pH, 

and temperature, which can potentially compromise their integrity over time (91). Additionally, 

standardization is challenging due to variability in essential oil composition, which is influenced by 

species, extraction methods, and geographic origin (103). Most studies on antifungal nanoemulsions 

remain in the preclinical stage, and their efficacy and safety in large-scale human trials have yet to be 

validated. Furthermore, their application is limited mainly to topical or mucosal surfaces, reducing their 

utility in treating invasive candidiasis or systemic infections (104). Probiotic therapies face similarly 

complex limitations. Their antifungal efficacy is highly strain-dependent, and not all Lactobacillus 

species demonstrate consistent anti-Candida activity across populations or infection types (85, 99). 

Colonization tends to be transient, requiring ongoing supplementation, and many probiotic strains 

struggle to survive the manufacturing process, long-term storage, or passage through the gastrointestinal 

tract. Additionally, regulatory frameworks in many countries classify probiotics as dietary supplements 

rather than therapeutic agents, which limits clinical oversight and makes claims of efficacy difficult to 

substantiate. The broader adoption of these alternative therapies is also hindered by high production 

costs, regulatory barriers, patient compliance challenges, particularly with combination or prolonged 

regimens, and limited access in low-resource settings. To advance these therapies toward clinical 

implementation, coordinated efforts are needed to support well-designed clinical trials, standardize 

formulations, and integrate probiotic and nanoemulsion-based interventions into comprehensive, 

patient-centred care models. 

Epidemiology of Candida infections across racial and ethnic groups 

Epidemiological data reveal a concerning pattern: certain racial and ethnic groups consistently 

experience a disproportionately higher incidence, severity, and mortality from both superficial and 

systemic Candida infections. These disparities are most pronounced among African American, Hispanic 

or Latino, Indigenous, and Southeast Asian populations. In the United States, African American patients 

are particularly affected by candidemia. A large population-based study by Cleveland et al. (2015) found 

that Black individuals had nearly twice the candidemia incidence rate than white patients (105). These 

findings were echoed in more recent studies, including one conducted in California, which reported 

persistently higher rates of invasive Candida infections in Black patients, even after adjusting for 

comorbidities and ICU exposure (24). Contributing factors include higher prevalence of diabetes and 

HIV as well as increased exposure to central venous catheters in ICU settings. Delayed initiation of 

antifungal therapy is often a reflection of structural inequities in healthcare access (23, 25, 106). Racial 
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bias in healthcare systems has also been implicated in delayed diagnosis and under-treatment among 

minority groups (25, 107). Hispanic and Latino individuals similarly exhibit elevated vulnerability to 

both mucosal and systemic Candida infections. VVC is especially prevalent among pregnant Latina 

women, driven by hormonal shifts, antibiotic exposure, and limited access to prenatal care and 

gynaecological education (108). In a multicentre candidemia study, Hispanic patients experienced 

longer hospital stays, higher readmission rates, and more treatment delays, especially among those 

without adequate health insurance (109). Indigenous populations across both high- and low-income 

countries are also disproportionately affected by Candida infections. In rural and reservation-based 

settings, underdiagnosis and undertreatment are common due to infrastructure deficits and lack of 

access to specialized care. Among Australian Aboriginal and Canadian First Nations communities, OPC 

and systemic fungal infections occur at rates well above national averages, particularly among 

immunocompromised individuals (110-112). Similar trends are observed in Southeast Asia and South 

Asia, where studies from India, Pakistan, and urban slums across the region report high prevalence of 

both C. albicans and NAC species in women of reproductive age. Limited access to antifungal 

medications, widespread antibiotic overuse, and empiric treatment practices contribute to the recurrence 

and rising resistance of infections (113, 114). Migrant populations, including recent immigrants and 

refugees, are particularly vulnerable due to poor housing, lack of insurance, language barriers, and 

delayed healthcare engagement. One study found significantly higher rates of oral and gastrointestinal 

Candida colonization among recent immigrants, with misdiagnosis and lack of treatment common due 

to systemic access issues (106). Additionally, Native American communities face unique risks, 

including a higher incidence of severe complications like fungal endophthalmitis and limited 

availability of specialized fungal care services (112). Occupational exposure to environmental fungi, 

especially in agricultural and food-processing industries, may also elevate infection risk in Hispanic 

and Indigenous populations (23). Collectively, these findings highlight the urgent need for culturally 

competent, accessible, and equitable antifungal care tailored to underserved and disproportionately 

affected populations. 

Risk factors behind racial disparities in Candida susceptibility 

The elevated burden of Candida infections in specific racial and ethnic groups cannot be fully explained 

by biological susceptibility alone. These disparities are multifactorial and rooted in a complex interplay 

between socioeconomic inequities, healthcare access limitations, prevalent comorbidities, 

environmental exposures, and behavioural practices. Access to timely and high-quality healthcare 

remains one of the most significant determinants of Candida outcomes. Minority populations, including 

Black, Hispanic or Latino, Indigenous, and migrant groups, are more likely to experience limited access 

to primary care, underinsurance or lack of health insurance, delayed initiation of antifungal therapy, and 

reduced access to diagnostic tools such as fungal cultures or PCR testing (24, 106). These structural 

barriers lead to delayed treatment, increased disease severity, and higher mortality rates, particularly in 
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cases of candidemia (23). Rural and underserved urban communities, which are frequently home to 

Black, Indigenous, or Hispanic populations, also face longer hospital response times and shortages of 

infectious disease specialists, compounding delays in diagnosis and care (25, 115). Comorbid conditions 

that increase susceptibility to Candida are disproportionately prevalent in minority groups. Type 2 

diabetes, for example, is more common among African American and Hispanic individuals and is 

associated with increased rates of mucosal Candida colonization and infection (116). HIV remains more 

prevalent in Black and Hispanic communities in the United States, placing these groups at heightened 

risk for OPC and OEC (117). Pregnant women of colour, particularly Latina and African women, report 

higher rates of VVC, often due to hormonal changes, antibiotic exposure, and limited access to prenatal 

education and care (118). Immunosuppressive therapies such as corticosteroids, usually used in 

transplant or chronic disease management, are also more frequently administered to minority patients 

with complex health profiles, further increasing Candida vulnerability (24, 25). Environmental 

exposures compound these risks. Poor housing conditions, overcrowding, inadequate sanitation 

infrastructure, and Mold exposure are more prevalent in communities of colour and among migrant or 

refugee populations, creating favourable conditions for Candida overgrowth and persistence (23, 106). 

In long-term care settings, elderly patients of colour face unique risks for oral candidiasis, often linked 

to infrequent denture cleaning, xerostomia, and limited access to dental care (111). Occupational 

exposure also plays a role in Black and Hispanic individuals who are overrepresented in agricultural, 

food-processing, and urban industrial jobs where fungal contamination is common (23). Additionally, 

increased airborne fungal exposure in densely populated urban areas has been associated with elevated 

Candida colonization rates (108). Behavioural and cultural factors, including mistrust of medical 

institutions, reliance on traditional remedies, or language barriers, may also delay healthcare-seeking 

behaviour or contribute to incomplete or inappropriate treatment, potentially worsening resistance 

patterns and outcomes (113). While emerging evidence suggests that host immunity and microbiota 

composition may vary across ethnic groups, genetic susceptibility data remain limited and inconclusive. 

The majority of disparities appear to stem from modifiable, non-genetic factors, offering a powerful 

opportunity for targeted public health interventions aimed at reducing Candida burden in historically 

underserved populations (13). 

Integrative strategies to combat drug-resistant Candida species: clinical, public health, and 

equity-focused approaches 

The global rise in fluconazole-resistant C. albicans presents a critical public health challenge, especially 

in resource-limited settings where azoles remain the primary antifungal agents (32). Resistance 

mechanisms complicate the treatment of recurrent infections such as VVC, candidemia, and device-

associated biofilm infections. Biofilm-forming genotypes, particularly A and C, often require alternative 

therapies, such as echinocandins or amphotericin B, which are cost-prohibitive in many regions (119). 

To address these challenges, clinical strategies must prioritize routine antifungal susceptibility testing 
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and genotypic profiling of clinical isolates for early detection of resistance (120). Adjunctive therapies 

targeting biofilm dispersal, efflux pump inhibition, and fungal stress responses are being explored, 

while probiotic-based treatments offer potential for restoring microbial balance and enhancing host 

immunity (71). Resistance arises from the convergence of genetic mutations (e.g., ERG11, PDR1, 

FKS1), phenotypic adaptations such as biofilm formation, and external pressures, including antifungal 

exposure and regional clade prevalence (30, 42). Precision diagnostics such as molecular assays and 

genome sequencing are indispensable for targeted therapy and outbreak control. For instance, 

identifying FKS mutations in C. glabrata or C. auris can justify the early use of amphotericin B or next-

generation echinocandins, such as rezafungin (1). Management of biofilm-related infections may also 

require catheter removal or antifungal lock therapy. Proactive screening of transplant recipients, 

neonates, and immunocompromised patients can help prevent the spread of resistant clades, such as C. 

auris Clade I and IV (3, 52). Novel antifungals, such as manogepix and ibrexafungerp are promising 

against multidrug-resistant strains, while combination therapy using echinocandins and azoles or 

flucytosine has demonstrated synergistic effects (121). Anti-virulence strategies targeting biofilm 

matrix or host modulation are also emerging (9). Cutting-edge tools like artificial intelligence, systems 

biology, and machine learning are being applied to predict resistance dynamics and guide stewardship 

(13). HIV status, pregnancy, and age significantly influence Candida colonization and infection risk, 

requiring personalized prevention and screening particularly among HIV-positive individuals, pregnant 

women, and the elderly (18, 73). In high-burden populations like HIV-positive young women in sub-

Saharan Africa, integrating fungal care into reproductive health initiatives and promoting hygiene and 

ART adherence are critical (18, 67). Rising resistance demands enhanced surveillance, stewardship, and 

antifungal testing in clinical laboratories (70). For HIV-positive pregnant women, a dual-care model 

involving obstetricians and infectious disease specialists ensures safe antifungal use (122). Probiotics 

are also gaining traction as adjuncts for recurrent VVC, particularly in pregnant and non-pregnant 

women (71). To translate alternative therapies, such as nanoemulsions and probiotics, into clinical use, 

robust trials, good manufacturing practices, and adherence to regulatory standards are essential (85, 91). 

Optimizing probiotic strains, dosing, and delivery methods will enhance treatment outcomes. 

Combination strategies, such as chitosan-coated nanoparticles, dual-loaded systems, or the synergistic 

pairing of antifungals with probiotics, show potential for reducing recurrence and resistance (26). In 

low-resource settings, affordability and cultural relevance are critical. Empowering communities 

through education, local production, and the integration of traditional knowledge can enhance access 

and impact. Reducing racial and ethnic disparities in Candida care requires community-based programs, 

multilingual health services, subsidized medications, and cultural competency training for clinicians 

(23-25). Inclusive care improves diagnosis and outcomes, particularly for patients with diabetes, HIV, 

and pregnancy-related immunosuppression (107, 110). Mobile clinics and PCR diagnostics offer early 

detection in underserved communities (112), while workplace safety regulations and protective 

strategies can reduce occupational exposure (23). Educational outreach tailored to Indigenous and rural 
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populations improves awareness and lowers preventable infections (111, 118). Preventative strategies, 

including topical prophylaxis, antifungal rinses, and probiotic supplementation, show efficacy in 

reducing VVC recurrence (106, 114). Nutritional support may also enhance immune function. Long-

term success hinges on investments in diagnostics, antifungal stewardship, standardized reporting, and 

healthcare infrastructure in minority-serving hospitals (1). Probiotics, such as L. reuteri and L. 

rhamnosus, show promise in restoring vaginal balance, although clinical outcomes remain inconsistent 

(102). Ibrexafungerp, a novel triterpenoid antifungal, has demonstrated efficacy against RVVC and is 

under further evaluation (25). Although maintenance therapies like fluconazole or boric acid help reduce 

recurrence, resistance, and toxicity risks necessitate more sustainable options (123). A multifaceted 

approach that blends novel therapeutics, community engagement, and systemic reform is essential to 

overcoming the complex threat of antifungal resistance. 

Conclusion 

Antifungal resistance among Candida species is a rapidly evolving challenge that demands urgent, 

integrated action across molecular science, clinical medicine, and public health. The emergence of 

resistant NAC species, particularly C. auris, C. glabrata, and C. parapsilosis, highlights the complexity 

of resistance mechanisms, ranging from genetic mutations and efflux pump overexpression to biofilm 

formation and chromosomal adaptation. These traits allow Candida to thrive despite antifungal pressure, 

making conventional therapies less effective and increasing the risk of persistent or recurrent infection. 

This review has highlighted how resistance is not only driven by molecular and environmental factors 

but is also deeply shaped by host-specific vulnerabilities. Conditions such as HIV infection, pregnancy, 

and immunosenescence in the elderly significantly increase Candida colonization and disease burden. 

Additionally, social determinants of health, including race, ethnicity, access to care, and geographic 

location, contribute to wide disparities in diagnosis, treatment, and outcomes. Populations historically 

marginalized in healthcare systems continue to experience disproportionate rates of infection, under-

treatment, and mortality. In the face of these challenges, emerging antifungal strategies, including plant 

nanoemulsions, probiotics, peptides, and repurposed drugs, offer significant promise. However, these 

must overcome clinical and regulatory barriers to achieve widespread adoption. The integration of novel 

therapies with diagnostic innovations, resistance profiling, and antifungal stewardship programs is 

essential for improving outcomes. Furthermore, inclusive and culturally competent care models are 

critical to addressing the intersection of biological susceptibility and structural inequities. Ultimately, 

controlling the spread and impact of drug-resistant Candida will require sustained investment in 

research, diagnostics, equity-focused public health strategies, and collaborative clinical care. Only 

through a multifaceted and holistic approach can we begin to reverse the global trajectory of antifungal 

resistance and protect vulnerable populations worldwide. 
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BRIDGE 

Chapter 1 provided an overview of the global and local landscape of C. albicans infections, highlighting 

the rising burden of VVC, emerging antifungal resistance, and the complex interplay between host 

factors, strain diversity, and microbial pathogenesis. The chapter also emphasized the need for 

regionally relevant data that can inform diagnosis, treatment, and surveillance efforts in South Africa. 

A key gap identified in the literature is the limited understanding of C. albicans strain variation at the 

genotypic level, and how such diversity may influence antifungal susceptibility and clinical outcomes. 

In response to these gaps, Chapter 2 presents the first experimental component of this thesis. This 

chapter characterises the C. albicans isolates recovered from South African women through ABC 

genotyping and antifungal susceptibility testing. By examining the relationship between genotype 

distribution and resistance patterns, this chapter provides foundational insights into the strain dynamics 

circulating in this population and establishes an essential context for the molecular investigations that 

follow. 
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Abstract  

Vulvovaginal candidiasis (VVC) is a common vaginal infection, affecting as many as 75% of women 

of reproductive age at some point in their lives. The leading cause of VVC is Candida albicans (C. 

albicans). This study investigates the correlation between genotypes and antifungal susceptibility 

profiles of Candida isolates collected from pregnant and non-pregnant South African women. A total 

of 72 Candida isolates were identified using the Applied Biosystems TaqMan® Assay and confirmed 

via germ tube tests and polymerase chain reaction (PCR). All isolates (100%) were identified as C. 

albicans. ABC genotyping revealed that 62.5% of isolates were genotype A, 26.4% genotype B, and 

11.1% genotype C. Antifungal susceptibility testing using the Sensititre™ YeastOne™ YO10 AST Plate 

assessed minimum inhibitory concentrations (MICs) for anidulafungin, caspofungin, fluconazole, 

micafungin, and voriconazole. Fluconazole showed the highest resistance rate (13.9%), while 86.1% of 

isolates remained susceptible. Genotype A predominated among isolates resistant to anidulafungin, 

fluconazole, micafungin, and voriconazole. All caspofungin-resistant isolates were genotype C. 

Genotype B exhibited no resistance to any antifungals tested, indicating the lowest virulence among the 

genotypes. These findings suggest that genotypes A and C have higher resistance profiles, emphasizing 

the need for routine VVC screening and resistance surveillance to inform effective management of 

Candida infections. 

 

Keywords: vulvovaginal candidiasis, drug resistance, polymerase chain reaction, antifungal agents, 

pregnancy complications 
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Introduction  

Vulvovaginal candidiasis (VVC) is a prevalent vaginal infection, impacting up to 75% of women of 

reproductive age at least once during their lifetime.1,2 The primary organism responsible for VVC is 

Candida albicans (C. albicans), which is responsible for 70% to 90% of VVC cases.3 Previous research 

has highlighted a high prevalence of Candida infections in Africa and the Middle East, with reported 

rates of 55.18% and 76.92%, respectively.4 In sub-Saharan and central Africa, the infection rate for C. 

albicans was found to be 22.74%, while the South African region had a slightly lower rate of 22.44%. 

Candidiasis ranks as the fifth most common life-threatening fungal infection, with an estimated 

mortality rate of 40%.5 Symptoms of VVC often include redness around the genital area, inflammation 

of the genital tract, itching, and a thick white discharge.6 

The identification of Candida species from culture-positive women is crucial for determining the 

species responsible for the infection, as well as assessing antimicrobial susceptibility and resistance 

mechanisms.7 Accurate identification of Candida species is important, as their responses to antifungal 

drugs can differ, which helps ensure effective therapy and reduces the risk of treatment failure. Various 

molecular techniques, such as Southern blotting hybridization, multilocus sequence typing (MLST), 

and deoxyribonucleic acid (DNA) microsatellite typing, have been employed for the genotyping of 

Candida isolates. These genotyping methods classify strains into clades, which are groups derived from 

a common ancestor. Studies have shown that the distribution of these clades is influenced by 

geographical factors and antifungal resistance patterns, with certain clades being linked to specific 

resistance profiles.8 The ABC genotyping method is commonly used for C. albicans, where polymerase 

chain reaction (PCR) amplification of the 25S ribosomal deoxyribonucleic acid (rDNA) allows for the 

classification of isolates into genotypes A: 450 bp (base pair), B: 840 bp, C: 450 bp and 840 bp, and D: 

1080 bp.7 A study by Jafarian and colleagues reported genotype A at a prevalence of 57.9%, genotype 

B at 31.6%, and genotype C at 10.5% among 933 patients, of whom 23 were confirmed to have Candida 

infections.9 

Antifungal drug resistance is a significant contributor to the treatment failure of Candida infections.10 

Treatment options for candidiasis remain limited, even though various antifungal drugs exist. Based on 

their mechanisms of action, antifungal drugs used to manage candidiasis are divided into four classes: 

(1) Disruption of cell membrane sterol (polyenes, such as amphotericin B and nystatin); (2) Inhibition 

of the ergosterol biosynthesis pathway (azoles, including fluconazole, voriconazole, posaconazole, and 

ravuconazole); (3) Inhibition of DNA or ribonucleic acid synthesis (flucytosine); (4) Inhibition of 

glucan synthesis (echinocandins, such as caspofungin, micafungin, and anidulafungin).11 Fluconazole 

remains the most frequently used azole for both the prevention and treatment of Candida infections. 

However, prolonged use of this drug can lead to the development of resistance among Candida species 

reducing its effectiveness, this has been supported by previous research where resistance to fluconazole 

among Candida species has become a growing concern within healthcare systems.12 
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Although global research has advanced in linking C. albicans genotypes with antifungal susceptibility 

profiles, there is limited international data and a lack of South African data. Therefore, addressing this 

gap is critical, especially considering the high burden of candidiasis in the region and the potential 

public health consequences of increasing treatment resistance. This study aims to explore the correlation 

between genotypes and antifungal susceptibility profiles of anidulafungin, caspofungin, fluconazole, 

micafungin and voriconazole among C. albicans isolates from pregnant and non-pregnant South African 

women, providing a novel insight into the dynamics of drug resistance. By linking the genotypes to 

antifungal susceptibility profiles, this research contributes to a better understanding of resistance 

mechanisms, potentially creating more effective therapeutic strategies and enhancing regional treatment 

guidelines. 

 

Methodology 

Study setting and population derived from the parent study 

This study was a sub-study of a broader research project, approved by the Biomedical Research Ethics 

Committee (BREC) of the University of KwaZulu-Natal (UKZN) under reference number 

(BREC/00003674/2021), which focused on diagnosing vaginitis and vaginosis pathogens in women. In 

the parent study, 150 women were recruited from Victoria Mxenge Hospital in Durban, KwaZulu-Natal, 

South Africa. Participants in the main study were 18 years or older, provided written informed consent, 

and agreed to self-collect vaginal swabs, following sample collection instructions from the research 

team. Data on sexual behaviour, clinical history, and socio-demographic details were gathered from 

each participant through a structured questionnaire administered by the study team. The recruitment 

period for the study population spanned from January to August 2022. 

 

Ethical approval for the sub-study  

Approval for this sub-study was granted by the Biomedical Research Ethics Committee of the 

University of KwaZulu-Natal (reference number BREC/00005995/2023). 

 

Laboratory procedures 

Sample collection and processing of vaginal swabs from the parent study 

Following sample collection, the swabs for Candida detection were placed in a 15 millilitre (ml) tube 

with Cary-Blair Transport Media (Neogen, United States) and transported to the Clinical Medicine 

Laboratory at UKZN for culture analysis. At the laboratory, the swabs were streaked onto Sabouraud 

dextrose agar (SDA) plates containing chloramphenicol (Neogen, United States) and incubated at 35°C 
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for 48 hours. After incubation, a total of 72 isolates showed positive Candida cultures, with 31 isolates 

derived from pregnant women and 41 from non-pregnant women. These cultures were stored at -80°C 

for future use. 

Retrieval from storage for the sub-study 

The 72 stored Candida cultures were retrieved from storage and sub-cultured onto SDA plates 

containing chloramphenicol (Neogen, United States) and incubated at 35°C for 48 hours. 

 

Confirmatory assays for the isolates 

The germ tube test  

The germ tube test was conducted to distinguish C. albicans from other Candida species such as C. 

krusei, C. glabrata, C. tropicalis, and C. parapsilosis. For this test, 0.5 ml of fetal calf serum 

(ThermoFisher Scientific, United States), was added to microfuge tubes, and a single colony from the 

SDA plate culture was mixed into the serum. The tubes were incubated at 37°C for 2 to 3 hours. After 

incubation, wet mount microscopy was used to observe germ tube formation. A positive result for C. 

albicans was indicated by short hyphal (filamentous) extensions emerging laterally from yeast cells 

without constriction at their origin. Samples without hyphal extensions or with constricted short hyphae 

at their origin were categorized as negative or as other yeast species.13 

DNA extraction   

DNA extraction from Candida cultures were carried out using the PureLink Microbiome Kit 

(ThermoFisher Scientific, United States) following the manufacturer’s protocol. The extracted DNA 

was stored at -20°C. A Nanodrop Spectrophotometer (ThermoFisher Scientific, United States) was used 

to measure the concentration and purity of the DNA. 

Confirmation of Candida isolates by real-time PCR 

The identity of Candida isolates was verified using the Applied Biosystems TaqMan® Assays 

(ThermoFisher Scientific, United States) with commercially available primers and probes targeting C. 

albicans, C. lusitaniae, C. dubliniensis, C. parapsilosis, C. glabrata, C. tropicalis, and C. krusei. The 

assays were conducted on the QuantStudio 5 Real-time PCR detection system (ThermoFisher Scientific, 

United States). Each PCR reaction had a final volume of 5 microliters (µl), consisting of 0.25 µl 

Fluorescein Amidite-labelled probe/primer mix, 1.25 µl Fast Start 4x probe master mix (Thermofisher, 

Part No. 4444434), 2 µl template DNA, and 1.5 µl nuclease-free water. A positive control (TaqMan™ 

Vaginal Microbiota Extraction Control; cat no. A32039) and a non-template control were included. 

Amplification involved an initial step at 95°C for 30 seconds, followed by 45 cycles of denaturation at 

95°C for 3 seconds and annealing at 60°C for 30 seconds. Fluorescent signals from amplified products 
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were detected at the end of the annealing phase, and the QuantStudio 5 system software automatically 

generated raw fluorescent data, including threshold cycle (Ct) mean values. 

 

Genotyping of the C. albicans isolates 

The isolates were typed using the ABC genotyping method. The 25S rDNA gene was amplified from 

the previously extracted DNA using primers CA-INT-L (5′-ATA AGG GAA GTC GGC AAA ATA 

GAT CCG TAA-3′) and CA-INT-R (5′-CCT TGG CTG TGG TTT CGC TAG ATA GTA GAT-3′). 

The PCR master mix included 200 nanometres (nm) of each primer, 12.5 µl of DreamTaq (2x) Master 

Mix (ThermoFisher Scientific, United States), 9.5 µl of nuclease-free water, and 2 µl of template DNA. 

The PCR tubes were then placed in a BioRad thermal cycler, and cycling conditions were set to 95°C 

for 2 minutes, followed by 35 cycles of 95°C for 30 seconds, 60°C for 1 minute, and 72°C for 1 minute, 

with a final extension at 72°C for 7 minutes. PCR products were electrophoresed on a 1% agarose gel 

and visualized using an ultraviolet transilluminator. Based on the yielded band sizes, the C. albicans 

isolates were classified as genotype A (450 bp), genotype B (840 bp), genotype C (450 bp and 840 bp), 

and genotype D (1080 bp).14 

 

Antifungal susceptibility assay for C. albicans  

Susceptibility testing was conducted using the Sensititre™ YeastOne™ YO10 AST Plate 

(ThermoFisher Scientific, United States) to assess the minimum inhibitory concentrations (MICs) of C. 

albicans isolates against anidulafungin, caspofungin, fluconazole, micafungin, and voriconazole. An 

inoculum of C. albicans for each isolate was prepared to match a 0.5 McFarland standard. From this 

suspension, 20 µl was added to the Sensititre YeastOne Broth, followed by the addition of 100 µl of the 

inoculum into the microtiter plates. The plates were sealed and incubated at 35°C for 24 to 25 hours. 

The C. albicans American Type Culture Collection (ATCC) 10231-strain served as a control strain, 

while untreated cultures of each isolate were included as growth controls. All experiments were 

conducted in triplicate. Table 1 displays the MIC breakpoints, as per the Clinical and Laboratory 

Standards Institute (CLSI) guidelines. 
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ZMO65 Positive (26.6) 

ZMO67 Positive (19.3) 

ZMO68 Positive (29.6) 

ZMO69 Positive (25.1) 

ZMO71 Positive (12.4) 

ZMO72 Positive (21.5) 

ZMO75 Positive (18.5) 

ZMO77 Positive (17) 

ZMO79 Positive (27.9) 

ZMO80 Positive (19.2) 

ZMO81 Positive (22) 

ZMO82 Positive (29.0) 

ZMO83 Positive (16.5) 

ZMO84 Positive (20.2) 

ZMO85 Positive (19.1) 

ZMO86 Positive (15.4) 

ZMO87 Positive (18.8) 

ZMO88 Positive (16.9) 

ZMO89 Positive (16.4) 

ZMO91 Positive (14.6) 

ZMO94 Positive (14.9) 

ZMO95 Positive (18.8) 

ZMO96 Positive (15.1) 

ZMO97 Positive (16.3) 

ZMO98 Positive (17.9) 

ZMO99 Positive (28.3) 

ZMO102 Positive (16.0) 

ZMO103 Positive (15.2) 

ZMO107 Positive (27.2) 

ZMO110 Positive (31.1) 

ZMO119 Positive (18.8) 

ZMO128 Positive (15.9) 

ZMO132 Positive (15.5) 

ZMO135 Positive (32.2) 

ZMO141 Positive (14.9) 

ZMO142 Positive (31.1) 
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ZMO145 Positive (31.7) 

ZMO146 Positive (13.6) 

ZMO147 Positive (13.7) 

Ct - cycle threshold 

 

Genotyping analysis  

All 72 isolates (100%) produced positive PCR results (Figures 3, 4, 5, 6, 7 and 8). Figure 2 shows that 

most of the isolates (45/72; 62.5%) exhibited a 450 bp band, which was classified as genotype A. 

Nineteen isolates (19/72; 26.4%) displayed a band size of 840 bp and were assigned as genotype B. 

Additionally, eight isolates (8/72; 11.1%) yielded two band sizes of 450 bp and 840 bp, corresponding 

to genotype C. No isolates were classified as genotype D since the 1080 bp band was not detected. A 

detailed summary of the assigned genotypes is shown in Table 3. 

 

 

Figure 2: The percentages of C. albicans genotypes. 
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of the vaginal Candida isolates had genotype C, followed by genotypes A and B with prevalence rates 

at 32.4% and 12.6%, respectively.20 An Iranian study also found that the most common genotype was 

genotype C (83.5%), followed by genotype B (12.6%) and genotype A (3.9%).21 The variations in 

genotypes observed may be attributed to differences in geographical regions. 

The resistance of Candida species to antifungal treatments remains a major challenge in managing 

fungal infections.22 In this study, we assessed the in vitro susceptibility of 72 C. albicans isolates to five 

antifungal agents: anidulafungin, caspofungin, fluconazole, micafungin, and voriconazole. 

Anidulafungin, caspofungin, and micafungin are part of the Echinocandin class of antifungals, while 

fluconazole and voriconazole are classified as azole antifungals. Resistance to these drugs can lead to 

treatment failures. Candida species show the highest prevalence of resistance to azole antifungals. 

Vaginal C. albicans isolates are known to exhibit high resistance rates to fluconazole.23 Among these 

isolates, 91.7% demonstrated susceptibility to anidulafungin, while 6.9% exhibited resistance. For 

caspofungin, 94.4% were susceptible, with 2.8% showing resistance. Regarding fluconazole, 86.1% of 

isolates were susceptible, and 13.9% were resistant. Micafungin showed a susceptibility rate of 90.3%, 

with 4.2% resistance. Lastly, voriconazole had a susceptibility rate of 86%, and 7% of isolates were 

resistant. Caspofungin and micafungin demonstrated lower resistance rates compared to anidulafungin, 

fluconazole, and voriconazole. Among the antifungal agents tested, fluconazole exhibited the highest 

resistance rates. 

These results align with findings from another study, which reported resistance rates for caspofungin, 

fluconazole, and voriconazole at 1%, 9%, and 6%, respectively.24 Similarly, a study conducted in China 

demonstrated low resistance rates against anidulafungin, caspofungin, and micafungin, while higher 

resistance rates were noted for fluconazole and voriconazole.25 High resistance rates to fluconazole and 

voriconazole have also been observed in additional studies from China and Bulgaria.26,27 In contrast, 

research conducted in Tanzania revealed lower resistance rates, with 3.1% for fluconazole and 3.6% for 

voriconazole.28 Research on antifungal resistance among Candida species is valuable as it offers up-to-

date data on resistance patterns, aiding in the evaluation of empirical treatment guidelines. Variations 

in antifungal susceptibility profiles among C. albicans can be attributed to geographic differences and 

variations in the populations studied. 

The current study also described the correlation between the C. albicans genotypes detected in relation 

to the susceptibility profiles of anidulafungin, caspofungin, fluconazole, micafungin, and voriconazole. 

Of the 66 isolates that were susceptible to anidulafungin, 62.1% belonged to genotype A, 27.3% were 

genotype B, and 10.6% were genotype C. Among the five isolates resistant to anidulafungin, 80% were 

categorized as genotype A, with the remaining 20% classified as genotype C. For caspofungin 

susceptibility, 63.2% of the 68 isolates were identified as genotype A, 28% as genotype B, and 8.8% as 

genotype C, while both caspofungin-resistant isolates were genotype C. Of the 62 fluconazole-

susceptible isolates, 59.7% were genotype A, 30.6% were genotype B, and 9.7% were genotype C; for 
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the 10 fluconazole-resistant isolates, 80% were identified as genotype A, and 20% as genotype C. 

Regarding micafungin, 61.5% of the 65 susceptible isolates were genotype A, 27.7% were genotype B, 

and 10.8% were genotype C, whereas among the three micafungin-resistant isolates, 66.7% were 

genotype A and 33.3% were genotype C. Finally, of the 62 isolates susceptible to voriconazole, 59.7% 

were genotype A, 30.6% were genotype B, and 9.7% were genotype C; among the five voriconazole-

resistant isolates, 60% were genotype A and 40% were genotype C.  

The study demonstrated that most isolates susceptible to the five antifungal agents were predominantly 

of genotype A, followed by genotype B, and then genotype C. Among the isolates resistant to 

anidulafungin, fluconazole, micafungin, and voriconazole, most were identified as genotype A, with the 

remainder being genotype C. Notably, all isolates resistant to caspofungin were of genotype C. No 

resistant isolates were classified as genotype B, demonstrating that this genotype had a 0% resistance 

rate, the lowest among the genotypes studied. However, other studies conducted in China assessing C. 

albicans genotypes against azole antifungals revealed that genotype A isolates showed lower resistance 

rates than those of genotype B.23,29 Another study conducted in Jordan found that all Candida isolates 

collected from women with vaginal candidiasis were susceptible to fluconazole, resulting in a 0% 

resistance rate among genotypes A, B, and C.30 Lastly, a study conducted in China revealed that C. 

albicans 25S rDNA genotypes belonging to group A exhibited significantly lower susceptibility rates to 

fluconazole compared to genotypes B and C.31 

To our knowledge, no South African studies have linked the genotypes of C. albicans isolates from 

pregnant and non-pregnant women to the antifungal susceptibility profiles of anidulafungin, 

caspofungin, fluconazole, micafungin, and voriconazole. In this study, the majority of C. albicans 

isolates were identified as genotype A and exhibited resistance to anidulafungin, fluconazole, 

micafungin, and voriconazole, while caspofungin-resistant isolates were all classified as genotype C. 

This indicates that genotypes A and C are more virulent than genotype B. Currently, there is limited 

research on the correlation between Candida genotypes and antifungal susceptibility patterns, a gap in 

the literature that this study addresses. 

 

Study limitations  

The study faced a few limitations: the small sample size may have been a reason for the study being 

unable to detect non-albicans Candida species. Additionally, since the research was carried out in a 

single geographical area and the participants were all recruited from one clinic, it may not fully represent 

the broader population. However, given that Victoria Mxenge Hospital serves as a central tertiary 

hospital, it does reflect a wider portion of Durban’s population. 
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Conclusion  

In conclusion, the majority of C. albicans isolates collected from both pregnant and non-pregnant South 

African women demonstrated susceptibility to anidulafungin, caspofungin, fluconazole, micafungin, 

and voriconazole. Genotype A was the most prevalent C. albicans genotype among women in Durban, 

South Africa. The isolates susceptible to the five antifungal agents were mainly genotype A, followed 

by genotype B, and then genotype C. Among isolates showing resistance to anidulafungin, fluconazole, 

micafungin, and voriconazole, the majority were classified as genotype A, with the remaining resistant 

isolates identified as genotype C. All isolates resistant to caspofungin belonged to genotype C. No 

resistance to any tested antifungal drugs was found among isolates of genotype B, suggesting it is the 

least virulent strain of C. albicans. Additional research is necessary to investigate the occurrence of 

other genotypes, such as genotype D, and to establish their correlation with antifungal resistance 

patterns. Future studies can now focus on the mechanisms behind resistance in local isolates. Currently, 

antifungal resistance patterns for commonly used treatments of Candida infections are not being 

monitored in our local setting, highlighting a need for resistance surveillance to mitigate the risk of 

future untreatable infections.  
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BRIDGE 

Chapter 2 demonstrated that C. albicans isolates circulating in this population show distinct genotypic 

profiles and varying susceptibility to fluconazole, with evidence suggesting possible associations 

between genotype and resistance. While these findings offer important epidemiological and phenotypic 

insights, the underlying molecular mechanisms responsible for fluconazole resistance remain unclear. 

Genotypic classification alone cannot fully explain the observed resistance patterns, underscoring the 

need for a more comprehensive analysis at the gene expression level. Chapter 3, therefore, expands the 

investigation by examining ERG11 gene expression and phylogenetic relationships among resistant and 

susceptible isolates. By quantifying transcriptional changes and exploring evolutionary patterns, this 

chapter provides critical molecular evidence that complements the genotyping data. Together, these 

analyses clarify the biological basis of azole resistance within this cohort and contribute to a more 

comprehensive understanding of strain-specific resistance mechanisms. 
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Abstract  

Fluconazole resistance in Candida albicans (C. albicans) presents a growing clinical challenge, 

particularly in regions where azoles remain the primary therapeutic option. This study investigated the 

molecular basis of fluconazole resistance among C. albicans clinical isolates by integrating antifungal 

susceptibility testing, quantitative gene-expression profiling, and phylogenetic analysis of the lanosterol 

14-α-demethylase (ERG11) gene. Eleven isolates (ten fluconazole-resistant and one fluconazole-

susceptible) were analysed using Sensititre™ YeastOne™ assays, droplet digital polymerase chain 

reaction (ddPCR), and sequence-based bioinformatic tools. As expected, based on previous 

characterisation, susceptibility testing confirmed high-level resistance across most isolates, with 

minimum inhibitory concentrations (MICs) ranging from 8 µg/ml to >256 µg/ml. ddPCR quantification 

revealed ERG11 overexpression in nine resistant isolates, with fold-change values ranging from 1.31 to 

3.73 compared to the susceptible control (ZMO28). Isolates ZMO10 and ZMO135 exhibited an 

upregulation of ERG11 (>3-fold), correlating with the highest resistance levels (MICs ≥64 µg/ml). 

Conversely, isolate ZMO128 demonstrated markedly reduced ERG11 expression (0.15-fold) despite 

phenotypic resistance with an elevated MIC of 32 µg/ml, suggesting alternative mechanisms such as 

efflux pump activation or biofilm-associated tolerance. Phylogenetic reconstruction of ERG11 

sequences revealed a major resistant clade with two internal sub-clusters, reflecting shared evolutionary 

pathways among highly expressed isolates, while ZMO128 formed a genetically distinct branch. These 

findings suggest that fluconazole resistance is primarily driven by ERG11 upregulation, although 

additional pathways contribute to resistance heterogeneity. This study underscores the importance of 

integrating molecular diagnostics into antifungal stewardship, particularly in settings where azole 

resistance is on the rise. 

Keywords: Candida albicans; Fluconazole resistance; ERG11 overexpression; Droplet digital PCR; 

Phylogeny 
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1. Introduction  

Candida albicans (C. albicans) is a dimorphic, opportunistic yeast that exists as part of the normal flora 

of the human gastrointestinal and genitourinary tracts. In healthy individuals, its proliferation is 

restricted by the host immune system and the balance of commensal microbiota. However, disturbances 

in this equilibrium, such as immunosuppression, hormonal fluctuations, antibiotic exposure, or changes 

in the vaginal microenvironment, can promote fungal overgrowth and infection (1). Among the diseases 

caused by this organism, vulvovaginal candidiasis (VVC) represents one of the most common mucosal 

fungal infections globally, affecting up to 75% of women at least once in their lifetime, with 

approximately 5% developing recurrent episodes (2, 3). Although not life-threatening, recurrent VVC 

(RVVC) substantially diminishes women’s quality of life, reproductive health, and psychological well-

being, often resulting in significant socioeconomic consequences due to repeated treatment costs and 

productivity loss. 

The clinical burden of C. albicans infections is intensified by its diverse virulence traits, including 

morphological plasticity, biofilm formation, and the secretion of hydrolytic enzymes such as proteases, 

phospholipases, and lipases (4). These characteristics facilitate adherence, invasion, and evasion of host 

defences, while biofilm formation enhances antifungal tolerance and persistence on medical devices. 

The global increase in antifungal use, particularly azole-based therapies, has exerted selective pressure 

on Candida populations, resulting in the emergence of resistant phenotypes. This escalating resistance 

poses a critical challenge for clinical management, particularly in resource-limited settings where 

fluconazole remains the most accessible and commonly prescribed antifungal agent (5). 

Azole antifungals, including fluconazole, itraconazole, and voriconazole, are widely regarded as first-

line treatments for most Candida infections due to their broad spectrum of activity, low toxicity, and 

favourable pharmacokinetic profiles (6). Fluconazole is preferred due to its oral bioavailability, low 

cost, and proven efficacy in treating mucosal and systemic candidiasis. However, its extensive 

prophylactic and empirical use has contributed to the global rise in azole-resistant C. albicans, resulting 

in recurrent or persistent infections (7, 8). Resistance to fluconazole is complex and multifactorial, 

encompassing genetic, biochemical, and physiological adaptations that collectively reduce the 

susceptibility to the drug. These include point mutations in target enzymes, overexpression of efflux 

pumps, biofilm formation, and alterations in ergosterol biosynthesis (9, 10). 

The principal molecular target of fluconazole is the lanosterol 14-α-demethylase (ERG11) gene, which 

encodes lanosterol 14-α-demethylase, a cytochrome P450-dependent enzyme essential in the 

biosynthetic pathway of ergosterol, the primary structural sterol of the fungal cell membrane. Inhibition 

of this enzyme disrupts the conversion of lanosterol to ergosterol, leading to the depletion of ergosterol 

and accumulation of toxic sterol intermediates that compromise membrane integrity and cellular 

viability (11). However, mutations or overexpression of the ERG11 gene can restore enzyme function, 
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counteract fluconazole inhibition, and enable continued ergosterol synthesis, thereby promoting drug 

resistance (12, 13). 

Multiple studies have reported a strong association between ERG11 overexpression and azole resistance 

in C. albicans clinical isolates (14). Gain-of-function mutations in transcriptional regulators such as 

UPC2 and TAC1 further modulate resistance by enhancing the expression of ERG11 and ABC 

transporters, including CDR1 and CDR2, which actively expel fluconazole from the cell (15-17). This 

intricate regulatory interplay illustrates that azole resistance is rarely driven by a single mechanism but 

rather by a combination of transcriptional, structural, and physiological adaptations that allow the 

fungus to tolerate antifungal pressure (8, 18). 

Despite extensive global research, a lack of molecular data persists regarding fluconazole resistance 

mechanisms in C. albicans isolates from Africa. In South Africa, fluconazole continues to be routinely 

prescribed for the treatment of candidiasis, particularly among immunocompromised patients (19, 20). 

Such frequent usage increases the likelihood of selective pressure and the development of resistance. 

Therefore, understanding the molecular basis of antifungal resistance within local isolates is crucial to 

inform therapeutic decision-making and antifungal stewardship initiatives (21). 

The advent of molecular techniques has revolutionised the ability to characterise antifungal resistance 

mechanisms with high accuracy. While quantitative real-time polymerase chain reaction (qPCR) has 

long been employed for expression studies, droplet digital polymerase chain reaction (ddPCR) offers a 

more precise and sensitive approach. ddPCR allows for absolute quantification of nucleic acids by 

partitioning the sample into thousands of nanolitre-sized droplets, where each droplet serves as an 

individual amplification reaction (22, 23). This method reduces variability and eliminates the need for 

reference standard curves, allowing for reproducible detection of small yet biologically significant 

expression differences. 

For accurate expression analysis, normalization against a stable housekeeping gene is essential. Actin-

1 (ACT1), encoding actin, is a well-established reference gene for gene-expression studies using 

Candida species, providing a reliable baseline for relative quantification (24). By comparing ERG11 

expression relative to ACT1, it becomes possible to determine whether fluconazole resistance arises 

primarily through overexpression of the target gene or through alternative mechanisms, such as efflux 

pump activation or biofilm-associated tolerance (25). 

In addition to gene-expression profiling, exploring sequence diversity among ERG11 gene variants 

offers valuable insights into evolutionary adaptation and the development of resistance. Phylogenetic 

reconstruction using computational methods, such as the Neighbor-Joining (NJ) approach and the 

Maximum Composite Likelihood (MCL) model implemented in MEGA software (26), enables the 

assessment of genetic relatedness among resistant and susceptible isolates. Such analyses can reveal 

whether resistant isolates cluster within specific clades, potentially sharing conserved mutations 
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associated with antifungal tolerance. Combining expression data with phylogenetic analysis thus allows 

for a comprehensive understanding of resistance mechanisms and their evolutionary basis. 

The present study was undertaken to investigate the molecular mechanisms underpinning fluconazole 

resistance in C. albicans clinical isolates by integrating phenotypic, molecular, and bioinformatic 

approaches. The study focuses on quantifying ERG11 gene expression in fluconazole-resistant and 

susceptible isolates using ddPCR, with ACT1 as the internal reference gene, and correlating these 

expression levels with antifungal susceptibility profiles. Furthermore, phylogenetic analysis of ERG11 

sequences was performed to evaluate genetic diversity and identify potential clustering patterns 

associated with resistance phenotypes. 

This research is significant as it addresses a critical knowledge gap in the molecular epidemiology of 

azole resistance among C. albicans isolates from South Africa. By elucidating the transcriptional basis 

of fluconazole resistance, the study contributes to the global understanding of antifungal resistance 

mechanisms while providing region-specific data essential for future treatment guidelines. Ultimately, 

the insights gained from this work will support antifungal stewardship efforts, guide clinical decision-

making, and contribute to improved patient outcomes in the management of Candida infections. 

 

2. Methodology 

2.1. Study Setting and Participant Population in the Parent Study 

This laboratory-based study formed part of a larger research project aimed at identifying vaginitis and 

vaginosis pathogens in women (BREC/00003674/2021). In the main study, a total of 150 women were 

recruited from the Victoria Mxenge Hospital in Durban, KwaZulu-Natal, South Africa. Eligible 

participants were aged 18 years and older, provided written informed consent, and agreed to self-collect 

vaginal swab samples according to detailed instructions provided by the research team. Information on 

participants’ sexual behaviour, medical history, and socio-demographic characteristics was obtained 

using a structured questionnaire administered by the study team. Recruitment took place between 

January and August 2022. 

2.2. Ethical Approval for the Sub-Study 

This sub-study received ethical clearance from the Biomedical Research Ethics Committee (BREC) of 

the University of KwaZulu-Natal (UKZN) under reference number BREC/00005995/2023. 

2.3. Selection and Preparation of C. albicans Isolates 

C. albicans isolates utilised in this study were sourced from the previous phase of the project, during 

which species identification and antifungal susceptibility testing had already been performed (27). From 

this collection, ten fluconazole-resistant isolates (ZMO10, ZMO11, ZMO35, ZMO44, ZMO65, 
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(containing ethanol), centrifuging at 12,000 × g for 15 seconds between each wash. After the final wash, 

the columns were centrifuged for an additional 1-2 minutes to remove residual ethanol. RNA was eluted 

in 30-100 µl of RNase-free water, incubated at room temperature for 1 minute, and centrifuged at 12,000 

× g for 2 minutes into clean recovery tubes. The purified RNA was placed on ice for immediate use or 

stored at -80°C for long-term preservation. RNA concentration and purity were assessed 

spectrophotometrically at 260/280 nanometres, and RNA integrity was verified by agarose gel 

electrophoresis. 

2.6. Complementary DNA (cDNA) Synthesis from the Total RNA of Specific C. albicans Isolates 

cDNA was synthesised from total RNA using the RevertAid First Strand cDNA Synthesis Kit 

(ThermoFisher Scientific, United States), following the manufacturer’s instructions. For each reaction, 

5 µl of total RNA was used as the template. Random Hexamer primers (1 µl) were employed to initiate 

cDNA synthesis. The total RNA, primer, and nuclease-free water were combined in a sterile, nuclease-

free tube to a final volume of 12 µl. The mixture was briefly centrifuged, incubated at 65°C for 5 minutes 

to denature secondary structures, and then placed on ice prior to the addition of the remaining reagents. 

Subsequently, 4 µl of 5X Reaction Buffer, 1 µl of RiboLock RNase Inhibitor (20 U/µl), 2 µl of 10 mM 

dNTP Mix, and 1 µl of RevertAid M-MuLV Reverse Transcriptase (200 U/µl) were added to achieve a 

final reaction volume of 20 µl. The reaction mixture was gently mixed and briefly centrifuged, then 

incubated at 25°C for 5 minutes, followed by 60 minutes at 42°C to facilitate reverse transcription. The 

enzyme was inactivated by heating at 70°C for 5 minutes. The resulting cDNA was stored at -20°C for 

short-term use or at -70°C for long-term storage until required for downstream polymerase chain 

reaction (PCR) amplification and gene expression analyses. 

2.7. ddPCR for Gene Expression 

Gene expression was conducted on the one-plate digital PCR (dPCR) instrument (cat.no 911000 

QIAcuity One, 2plex instrument), using the QIAcuity® EG (EvaGreen®) PCR Kit, 3× master mix 

(QIAGEN, Cat. No. 250111), and the QIAcuity Nanoplate 8.5K 96-well, (QIAGEN; Cat. No. 250021), 

with Nanoplate Seals (Cat. No. 250099) and Nanoplate Tray (Cat. No. 250098) as per manufacturer’s 

instructions. The primer mix was made up of 4 µl EvaGreen® primer mix at 1.5 µl forward primer, 1.5 

µl reverse primer, and 5 µl of cDNA, with a total reaction volume of 21 µl for each primer. dPCR 

conditions were as follows: Initial activation at 95oC for 2 minutes, 35 cycles of Denaturation at 95oC 

for 15 seconds, Annealing at 60oC for 15 seconds, Extension at 72oC for 15 seconds, and a single 

cooldown step at 40oC for 5 minutes. Image settings were as per manufactures standard protocol for the 

initial imaging and were then adjusted for the second imaging to reduce saturation. 

 

 





95 
 

2.10. Amplification of the ERG11 Gene in C. albicans Isolates 

PCR amplification of the ERG11 gene was performed to confirm the presence and quality of the target 

gene prior to sequencing. The reaction mixture (25 µl total volume) comprised 12.5 µl of DreamTaq 

(2x) Master Mix (ThermoFisher Scientific, United States), 0.5 µl each of the forward and reverse 

primers, 1 µl of genomic DNA template, and 10.5 µl of nuclease-free water. The primer pair used for 

ERG11 amplification was designed according to conserved regions of the C. albicans ERG11 gene 

sequence: forward primer 5’-ACCCTGAAGATTTTGATCCAACTAGATG-3’ and reverse primer 5’-

CCCAAACCCATAATCAATTCATCAGA-3’. PCR reactions were performed in a BioRad Thermal 

Cycler under the following cycling conditions: initial denaturation at 95°C for 3 minutes; followed by 

25 cycles of denaturation at 95°C for 1 minute, annealing at 55°C for 30 seconds, and extension at 72°C 

for 1 minute; with a final extension at 72°C for 5 minutes, and a hold at 4°C. The amplified products 

were electrophoresed on a 1% agarose gel and visualized using a gel documentation system. Successful 

amplification of ERG11 yielded a single, distinct band of the expected product size, confirming DNA 

integrity and suitability for downstream sequencing analysis. 

2.11. Sequencing of ERG11 PCR Amplicons  

To confirm the identity of the amplified ERG11 gene fragments and detect potential genetic variations 

associated with fluconazole resistance, Sanger sequencing was performed. The purified PCR amplicons 

were sent to Inqaba Biotechnological Industries (Pretoria, South Africa) for sequencing (one-direction), 

using an ABI 3500XL Genetic Analyzer (Applied Biosystems, USA). The resulting chromatograms 

were analysed and edited using Chromas software version 2.6.5 (Technelysium Pty Ltd., Queensland, 

Australia) to remove background noise and confirm base accuracy. The edited sequences were 

compared with reference C. albicans ERG11 sequences available in the National Center for 

Biotechnology Information database using the Basic Local Alignment Search Tool to confirm gene 

identity.  

2.12. Phylogenetic Analysis 

Phylogenetic analysis of the ERG11 gene sequences was performed to evaluate the evolutionary 

relationships among fluconazole-resistant and susceptible C. albicans isolates. The evolutionary history 

was inferred using the NJ method (28). The optimal tree with the sum of branch length = 0.243 is shown. 

The tree was drawn to scale, with branch lengths in the same units as those of the evolutionary distances 

used to infer the phylogenetic tree. The evolutionary distances were computed using the MCL method 

(29), and were in the units of the number of base substitutions per site. The analytical procedure 

encompassed 10 coding nucleotide sequences using 1st, 2nd, 3rd, and non-coding positions. The 

pairwise deletion option was applied to all ambiguous positions for each sequence pair resulting in a 

final data set comprising 59 positions. Evolutionary analyses were conducted in MEGA12 (30).  
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genetic relatedness may indicate the presence of conserved point mutations within the ERG11 coding 

region, particularly at loci known to alter lanosterol 14-α-demethylase structure and decrease 

fluconazole binding affinity. This phylogenetic grouping, therefore, aligns with both the phenotypic 

resistance profiles and gene expression data, supporting the hypothesis that shared sequence variants 

may contribute to enhanced azole tolerance.  

The second sub-cluster included isolates ZMO35, ZMO44, ZMO85, ZMO135, and ZMO142. Although 

these isolates were also resistant to fluconazole, they displayed greater genetic variability, reflected by 

longer branch lengths within the cluster. This divergence may suggest the accumulation of independent 

mutations or recombination events within ERG11 over time. Among these isolates, ZMO135, which 

demonstrated the highest MIC value (>256 µg/ml) together with marked ERG11 upregulation (3.28-

fold), may represent an evolutionary outlier with additional structural or regulatory modifications 

enhancing resistance intensity. In contrast, isolate ZMO128, despite being phenotypically resistant, 

occupied a separate and more distant branch from the main resistant clusters. This genetic distinctness, 

coupled with its markedly low ERG11 expression (0.15-fold), suggests that resistance in ZMO128 may 

not be primarily driven by ERG11 alterations, but rather by alternative mechanisms such as efflux pump 

activation or biofilm-mediated protection. ZMO28, the fluconazole-susceptible control, displayed basal 

placement on the tree, confirming its genetic divergence from the resistant isolates and its role as the 

ancestral reference within this dataset. 

 

Figure 4: Phylogenetic relationships among fluconazole-resistant C. albicans isolates based on ERG11 

gene sequences.  
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4. Discussion 

This study investigated the molecular and phenotypic basis of fluconazole resistance among C. albicans 

clinical isolates, focusing on ERG11 gene expression and its relationship with antifungal susceptibility 

profiles. Several findings reflect a growing global concern, as azole resistance in Candida species has 

become increasingly prevalent in both hospital and community settings (8, 31). Fluconazole has long 

been a cornerstone antifungal agent due to its affordability, oral availability, and safety profile, 

particularly in low- and middle-income countries. However, its extensive and often empirical use has 

led to selection pressure that fosters resistant strains (6). In South Africa, fluconazole remains a first-

line therapy for systemic and vulvovaginal candidiasis in immunocompromised populations, 

contributing to the growing burden of fluconazole-resistant C. albicans strains, leading to recurrent 

infections, prolonged therapy, and increased healthcare costs (19, 20).  

The ERG11 gene encodes lanosterol 14-α-demethylase, the target enzyme of azole antifungal agents, 

which catalyses a crucial step in the ergosterol biosynthesis pathway. Inhibition of this enzyme by 

fluconazole disrupts the synthesis of ergosterol, leading to membrane instability and fungal cell death 

(9). However, ERG11 mutations and overexpression are well-established mechanisms that confer 

reduced drug binding affinity or compensate for inhibited enzyme activity (7, 32). In this study, ddPCR 

analysis demonstrated that nine of ten resistant isolates exhibited ERG11 upregulation compared to the 

susceptible control (ZMO28). Fold-change values ranged from 1.31 to 3.73, confirming that 

transcriptional activation of ERG11 plays a key role in mediating resistance. These results agree with 

previous investigations in Iran and Brazil, where ERG11 overexpression was associated with elevated 

fluconazole MICs and persistent infections (14, 33). 

Notably, isolates ZMO145 and ZMO65 exhibited the highest ERG11 expression (3.73- and 3.68-fold), 

which correlated with MIC values of 16 µg/ml and 8 µg/ml, respectively. This supports earlier findings 

that ERG11 overexpression contributes directly to decreased drug susceptibility by increasing the 

quantity of the target enzyme (34). However, high expression levels do not always correspond linearly 

with resistance intensity, suggesting that other regulatory elements influence expression outcomes. The 

positive correlation observed between ERG11 fold-change values and fluconazole MICs suggests a 

direct functional relationship between gene expression and resistance phenotype. This mirrors findings 

from Morais et al. (2021), who reported that ERG11 expression increases in tandem with rising MICs 

in clinical isolates subjected to chronic fluconazole exposure (35). Similarly, Bhattacharya et al. (2020), 

demonstrated that elevated ERG11 transcript levels correspond with persistent infections and reduced 

therapeutic efficacy in immunocompromised patients (6). 

The overexpression of ERG11 is often regulated by upstream transcription factors, including UPC2, 

TAC1, and MRR1, which respond to cellular stress and antifungal exposure. UPC2 functions as a sterol 

regulatory element-binding protein that activates genes involved in ergosterol synthesis, including 



104 
 

ERG11, upon ergosterol depletion (36). Mutations that enhance UPC2 activity have been associated 

with constitutive ERG11 overexpression and azole tolerance (16). Additionally, TAC1 regulates ABC 

transporter genes (CDR1 and CDR2), which mediate the efflux of azole drugs from fungal cells (17). 

Cross-talk between ERG11 and efflux-related pathways results in combined resistance, where 

overexpression of both the target enzyme and efflux pumps amplify tolerance levels. Although efflux 

pump gene expression was not quantified in this study, the observed variability in ERG11 fold-change 

values across isolates likely reflects differences in such regulatory mechanisms. Furthermore, HSP90- 

and calcineurin-mediated stress response pathways have been implicated in stabilising resistance 

phenotypes (37). HSP90 facilitates proper folding of mutated ERG11 proteins, enhancing their stability 

even under drug pressure, while calcineurin signalling contributes to cellular adaptation during 

membrane stress (38). The interplay among these molecular regulators underscores the complexity of 

antifungal resistance in C. albicans, suggesting that ERG11 upregulation operates within a broader 

adaptive network rather than as an isolated event. Understanding this interplay will be a promising 

future study.  

While ERG11 overexpression was the dominant trend, isolate ZMO128 exhibited downregulation 

(0.15-fold) despite being phenotypically resistant (MIC = 32 µg/ml). This inconsistency highlights the 

multifactorial nature of fluconazole resistance, where resistance may occur through non-ERG11-

mediated mechanisms. Efflux pump activation remains one of the most significant alternative pathways. 

Mutations in transcription factors (TAC1 and MRR1), can trigger constitutive expression of efflux 

transporters (CDR1, CDR2, and MDR1), leading to active drug extrusion (39). Teo et al. (2019) reported 

Candida isolates exhibiting normal ERG11 expression but high fluconazole MICs due to increased 

efflux activity (40). The downregulation of ERG11 in ZMO128, therefore, may indicate that such efflux 

mechanisms compensate for decreased target gene expression. Biofilm formation represents another 

major contributor to antifungal tolerance. Biofilm-associated cells produce extracellular matrix 

components (β-glucans, mannans, and proteins) that limit drug penetration and create 

microenvironments conducive to stress adaptation (41). Moreover, biofilm-associated cells exhibit 

differential gene expression, including upregulation of ALS, HWP1, and BCR1, which reinforce 

adhesion and antifungal persistence (42). These alternative mechanisms might explain the resistance 

observed in isolate ZMO128, with low ERG11 expression, supporting the concept of multifactorial 

resistance in C. albicans. 

The phylogenetic analysis based on ERG11 gene sequences revealed a single major resistant clade 

consisting of two internal sub-clusters, reflecting both conserved and divergent evolutionary patterns 

among resistant isolates. The first sub-cluster comprised of four isolates (ZMO10, ZMO11, ZMO65, 

and ZMO145), from this sub-cluster isolates ZMO10, ZMO65, and ZMO145 exhibited strong ERG11 

upregulation (>3-fold) and ZMO10, ZMO11, and ZMO145 showed elevated fluconazole MIC values 

ranging from 16 µg/ml to 64 µg/ml. Their clustering suggests a shared lineage or conserved point 
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mutations, possibly at codons Y132F or K143R, known to decrease fluconazole binding affinity (43, 

44). The second sub-cluster comprised of five isolates (ZMO35, ZMO44, ZMO85, ZMO135, and 

ZMO142), which demonstrated greater genetic variability and moderate ERG11 upregulation. Their 

longer branch lengths imply accumulation of independent mutations or recombination events that 

contribute to heterogeneity within the resistant population.  

ZMO135, which showed the highest MIC (>256 µg/ml) together with marked ERG11 upregulation 

(3.28-fold), may represent a hyper-resistant variant exhibiting both transcriptional and structural 

modifications in ERG11, consistent with findings by Morais et al. (2021) and Li et al. (2025) (35, 44). 

ZMO128 formed an independent branch, reflecting its unique genetic and transcriptional profile. Its 

divergence from other resistant isolates supports the hypothesis that fluconazole resistance can arise 

from multiple evolutionary routes, not all of which involve ERG11-mediated mechanisms. This 

phylogenetic diversity underscores the adaptive flexibility of C. albicans and its ability to evolve 

resistance through convergent molecular pathways (37). The clustering of highly expressed isolates 

within one phylogenetic group also implies selective conservation of ERG11 regulatory elements under 

antifungal pressure. This phenomenon parallels findings by Ren et al. (2025), who reported that resistant 

clades often exhibit stabilising mutations enhancing enzyme affinity for endogenous substrates while 

reducing fluconazole binding (36). The phylogenetic data therefore provide an evolutionary framework 

linking molecular adaptation to phenotypic resistance. 

The positive correlation between ERG11 upregulation and high MICs suggests that molecular 

monitoring could improve clinical decision-making. Incorporating ddPCR-based assays into diagnostic 

workflows could allow early detection of resistant isolates before therapeutic failure occurs. The 

precision and sensitivity of ddPCR make it particularly suitable for low-resource settings, where 

culture-based susceptibility testing may be unavailable. At the epidemiological level, this study 

contributes novel insights into the molecular epidemiology of C. albicans in South Africa. Few local 

studies have combined phenotypic and genotypic analyses of resistance mechanisms, making this 

research a valuable reference point for future surveillance programs. The findings emphasise the 

importance of antifungal stewardship, restricting empirical fluconazole use and promoting culture-

guided therapy to limit further resistance emergence. Furthermore, the identification of distinct 

phylogenetic clusters provides a molecular basis for tracking resistant strains within healthcare 

environments. Continuous monitoring of ERG11 polymorphisms and expression patterns could inform 

infection control measures, helping prevent nosocomial transmission of resistant Candida lineages (6). 
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5. Limitations 

This study provides important insights into ERG11-mediated fluconazole resistance; however, several 

limitations must be acknowledged. The sample size was small (n = 11), which restricts generalisability, 

although it allowed detailed molecular analysis. The study focused primarily on ERG11 expression and 

sequence variation, even though azole resistance is multifactorial and may also involve efflux pump 

activation, transcriptional regulator mutations, and biofilm-associated tolerance. Lastly, the study did 

not perform protein-level verification of ERG11 activity and additional phenotypic assays.  

 

6. Conclusion 

This study provides a comprehensive molecular assessment of fluconazole resistance in C. albicans, 

demonstrating that ERG11 overexpression is a key driver of reduced susceptibility in most resistant 

isolates. The strong relationship between elevated ERG11 expression levels, higher MICs, and the close 

phylogenetic clustering of resistant isolates highlights the importance of this gene in maintaining 

ergosterol biosynthesis under azole pressure. The divergence observed in isolates such as ZMO28 and 

ZMO128 further indicates that resistance may also arise from alternative, non-ERG11-dependent 

mechanisms, reinforcing the multifactorial nature of antifungal resistance. Going forward, broader 

genomic and transcriptomic profiling, including efflux pump genes, transcriptional regulators, and 

stress-response pathways, would provide deeper insight into resistance heterogeneity. Protein-level 

validation of ERG11 activity and expanded sampling across clinical settings would strengthen future 

analyses. From a clinical perspective, incorporating routine molecular assays into diagnostic workflows 

may improve early detection of resistant strains, support targeted antifungal therapy, and guide 

stewardship strategies aimed at slowing the rise of azole resistance. Continued surveillance, coupled 

with advanced molecular tools, remains essential for improving patient outcomes and understanding 

the evolving epidemiology of C. albicans resistance. 
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BRIDGE 

Chapter 3 revealed critical molecular determinants of fluconazole resistance, demonstrating that altered 

ERG11 expression and phylogenetic relatedness contribute significantly to resistance phenotypes 

among the studied isolates. While these findings enhance understanding of resistance mechanisms, they 

also emphasise a pressing challenge: current antifungal therapies are increasingly inadequate against 

resistant and biofilm-forming C. albicans. The clinical implications of these resistance patterns 

highlight the urgent need for novel, accessible, and effective therapeutic alternatives. Building on this 

need, Chapter 4 evaluates the antifungal and antibiofilm potential of plant-based nanoemulsions and 

Lactobacillus-derived metabolites. This chapter examines whether natural therapeutic agents can inhibit 

planktonic growth, disrupt biofilms, and reduce virulence in resistant C. albicans isolates. By 

integrating traditional microbiology with innovative therapeutic approaches, Chapter 4 represents the 

applied component of this thesis and explores promising candidates for alternative or adjunctive 

treatment options in settings where fluconazole resistance is increasing. 
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Abstract 

Vulvovaginal candidiasis (VVC) is a common fungal infection predominantly caused by Candida 

albicans (C. albicans), with recurrence often linked to antifungal resistance and biofilm formation. 

Conventional azole therapy, including fluconazole, is increasingly undermined by resistant isolates, 

highlighting the need for alternative strategies. Plant-derived nanoemulsions and Lactobacillus-derived 

metabolites have emerged as promising candidates, yet their comparative antibiofilm effects against 

resistant isolates remain underexplored. This laboratory-based study evaluated the biofilm-forming 

capacity of 10 fluconazole-resistant C. albicans isolates and one fluconazole-susceptible C. albicans 

[American Type Culture Collection (ATCC)] 10231-strain. Biofilm inhibition was assessed using the 

microtiter plate (MTP) method following treatment with fluconazole, plant nanoemulsions prepared 

from Ocimum tenuiflorum (O. tenuiflorum), Azadirachta indica (A. indica), and Moringa oleifera (M. 

oleifera), and cell-free supernatants (CFSs) from four Lactobacillus strains: Lactobacillus crispatus 

(ATCC reference strain), Lactobacillus reuteri (isolated from a vaginal sample), Lactobacillus 

delbrueckii, and Lactobacillus fermentum (both isolated from plain yoghurt samples). All experiments 

were performed in triplicate, and results were expressed as mean optical density (492 nanometres) ± 

standard deviation. Statistical analysis was performed using a two-way analysis of variance, followed 

by Tukey’s multiple comparisons test to assess differences between treatments across isolates. 

Fluconazole significantly reduced biofilm biomass in the fluconazole-susceptible ATCC 10231-strain 

but was only partially effective in resistant isolates, which retained strong biofilm phenotypes. In 

contrast, O. tenuiflorum, A. indica, and M. oleifera nanoemulsions completely suppressed biofilm 

formation at the undiluted concentration (1000 micromolar), shifting isolates into the non or weak 

category. The different Lactobacillus CFSs also inhibited biofilm development, though activity varied 

by strain and isolate. To our knowledge, this is the first study to directly compare plant nanoemulsions 

and Lactobacillus metabolites against both susceptible and resistant C. albicans isolates. These findings 

highlight the potential of these natural therapies as alternative strategies for managing resistant VVC. 

Keywords: Candida albicans; Biofilms; Fluconazole; Lactobacillus; Nanoemulsions 
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1. Introduction 

Candida species are among the most common fungal pathogens affecting humans, and they are capable 

of causing both superficial mucosal infections and life-threatening systemic diseases. Globally, 

vulvovaginal candidiasis (VVC) is one of the most frequent manifestations, with an estimated 70-75% 

of women experiencing at least one episode during their lifetime, and approximately 5-8% developing 

recurrent vulvovaginal candidiasis (RVVC), defined as four or more episodes within a year (1, 2). These 

infections not only reduce quality of life but also present economic burdens due to repeated medical 

visits and therapeutic interventions. The risk is heightened in immunocompromised individuals, 

pregnant women, and those with metabolic disorders such as diabetes mellitus, underscoring the 

importance of effective therapeutic strategies (3). Candida albicans (C. albicans) remains the 

predominant species associated with VVC; however, non-albicans Candida species such as Candida 

glabrata, Candida tropicalis (C. tropicalis), and Candida parapsilosis (C. parapsilosis) are increasingly 

isolated during VVC, some of which exhibit acquired resistance to standard antifungal drugs (4). The 

high recurrence rates and the emergence of resistant isolates highlight the limitations of current 

treatments and emphasize the urgent need for novel antifungal strategies. 

The development of antifungal resistance is a multifactorial process driven by genomic and phenotypic 

adaptations. Resistance mechanisms involve mutations in drug target genes such as ERG11, which 

encodes lanosterol demethylase, the primary target of azoles. They also include the overexpression of 

efflux pumps (CDR1, CDR2, MDR1) and alterations in cell wall components targeted by echinocandins, 

such as FKS1 or FKS2 (5). Biofilm formation adds an additional layer of complexity. Biofilms are 

structured microbial communities encased in an extracellular matrix that protects embedded cells from 

host defences and antifungal penetration. Candida biofilms exhibit up to 1000-fold greater resistance 

to azoles compared to planktonic cells, and this makes them a central driver of persistent and recurrent 

infections (6). 

Conventional antifungal therapies remain limited in their effectiveness against biofilm-associated 

infections. Azoles such as fluconazole are widely used due to their affordability and oral availability, 

however, resistance is increasingly reported, particularly in recurrent cases (7). Echinocandins, although 

effective against C. albicans biofilms, show reduced efficacy against C. parapsilosis, and resistance can 

develop via FKS mutations (7). Amphotericin B retains broad-spectrum activity but is hampered by 

nephrotoxicity and infusion-related side effects (8). Collectively, these limitations drive the search for 

alternative antifungal therapies that can overcome resistance and target biofilm-associated infections. 

In recent years, there has been growing interest in plant-based and Lactobacillus-derived products as 

natural antifungal therapies. Plant extracts contain phytochemicals such as terpenoids, phenolics, 

flavonoids, and isothiocyanates that exhibit antifungal activity by disrupting cell membranes, inhibiting 

hyphal formation, and interfering with biofilm matrix production (9). However, crude extracts are often 
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limited by poor solubility, instability, and cytotoxicity at therapeutic doses. To overcome these barriers, 

nanoemulsion technology has emerged as a promising delivery platform. Nanoemulsions enhance 

solubility, improve bioavailability, and facilitate penetration into dense biofilms, leading to improved 

antifungal outcomes (10). 

Ocimum tenuiflorum (O. tenuiflorum), Azadirachta indica (A. indica), and Moringa oleifera (M. 

oleifera) have long histories of use in traditional medicine and have demonstrated potent antimicrobial 

properties in modern investigations. Eugenol from O. tenuiflorum disrupts fungal membranes and 

suppresses biofilm-associated gene expression (11). A. indica contains limonoids and phenolics with 

documented antibiofilm activity, while M. oleifera produces isothiocyanates with fungicidal potential 

(12-14). Importantly, recent studies, including Naicker et al. (2024), have confirmed that nanoemulsions 

prepared from these plants not only retain their antifungal activity but also demonstrate 0% haemolytic 

activity, highlighting their favourable safety profile (15). 

Lactobacillus species also play an important role in maintaining vaginal health. By producing organic 

acids, hydrogen peroxide, and bacteriocins, they lower vaginal potential of hydrogen (pH), inhibit 

pathogen adhesion, and suppress filamentation in Candida species (16). Several studies have 

demonstrated that cell-free supernatants (CFSs) from Lactobacillus rhamnosus (L. rhamnosus), 

Lactobacillus plantarum (L. plantarum), and Lactobacillus crispatus (L. crispatus) inhibit Candida 

biofilms and reduce epithelial cell adhesion (17, 18). Moreover, Lactobacillus-derived biosurfactants 

have been shown to interfere with biofilm matrix formation, adding another mechanism of action (19). 

These properties make Lactobacillus-derived metabolites attractive as natural antifungal agents, 

particularly in the context of RVVC. 

While many studies have examined natural antifungal agents, few have assessed the combined effects 

of Lactobacillus-derived metabolites and plant-derived compounds, or their effects on established 

Candida biofilms. RVVC remains a major challenge due to biofilm-associated resistance. This study 

evaluated the biofilm-forming ability of one fluconazole-susceptible C. albicans ATCC strain and 10 

fluconazole-resistant C. albicans isolates. The antimicrobial and antibiofilm activities of Lactobacillus 

supernatants: L. crispatus, an ATCC reference strain, Lactobacillus reuteri (L. reuteri), which was 

isolated from a vaginal sample, Lactobacillus delbrueckii (L. delbrueckii), and Lactobacillus fermentum 

(L. fermentum), which were both isolated from yoghurt samples and nanoemulsions created from leaves 

of O. tenuiflorum, A. indica, and M. oleifera plants collected from the Botanical Gardens in Durban, 

South Africa, were tested, providing insights into their potential as natural alternatives for managing 

biofilm-related candidiasis. 
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2. Materials and Methods  

2.1. Study Setting and Participant Population in the Parent Study 

This laboratory-based study was a sub-study of a broader research project, which focused on diagnosing 

pathogens associated with vaginitis and vaginosis in women. In the parent study, 150 women were 

recruited from Victoria Mxenge Hospital in Durban, KwaZulu-Natal, South Africa. Participants in the 

main study were 18 years or older, provided written informed consent, and agreed to self-collect vaginal 

swabs, following sample collection instructions from the research team. Data on sexual behaviour, 

clinical history, and socio-demographic details were gathered from each participant through a structured 

questionnaire administered by the study team. The recruitment period for the study population spanned 

from January to August 2022 (BREC/00003674/2021).  

2.2. Ethical Approval for the Sub-Study 

Ethical approval for this sub-study was granted by the Biomedical Research Ethics Committee (BREC) 

at the University of KwaZulu-Natal (UKZN) under reference number (BREC/00005995/2023). 

2.3. Selection and Preparation of C. albicans Isolates 

C. albicans isolates used in this study were obtained from earlier phases of our project, where species 

identification and antifungal susceptibility testing had been performed (20). From this collection, ten 

fluconazole-resistant C. albicans isolates (ZMO10, ZMO11, ZMO35, ZMO44, ZMO65, ZMO85, 

ZMO128, ZMO135, ZMO142, ZMO145) and one fluconazole-susceptible reference strain (C. albicans 

ATCC 10231) were selected. Isolates were revived from glycerol stocks stored at -80°C and cultured 

on Sabouraud dextrose agar (SDA) plates containing chloramphenicol (Neogen, United States). The 

plates were then incubated aerobically at 37°C for 24 hours before experimentation.  

2.4. Lactobacillus Strains and CFS Preparation 

Four Lactobacillus strains were included in this study: L. crispatus (ATCC reference strain), L. reuteri 

(isolated from a vaginal sample), L. delbrueckii, and L. fermentum (both isolated from plain yoghurt 

samples), had been previously collected, isolated, and confirmed in our laboratory (unpublished data). 

For this study, strains were revived from frozen stocks in Man, Rogosa, and Sharpe (MRS) agar and 

incubated at 37°C for 72 hours under anaerobic conditions. The grown Lactobacillus cultures were then 

sub-cultured from the agar plates into 10 millilitres (ml) of MRS broth and incubated at 37°C for 48 

hours under anaerobic conditions. After 48 hours, cultures were centrifuged at 12,000 revolutions per 

minute (rpm) for 10 minutes at 4°C to pellet the cells, and the supernatants were carefully harvested. 

The pH of each supernatant was adjusted to 7.5 using sterile sodium hydroxide, after which samples 

were sterilised by passage through 0.22 micrometre (µm) hydrophilic Durapore PVDF membranes 
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(Durapore® PVDF, Millipore, Burlington, United States). The pH-adjusted and filter-sterilised CFSs 

were then used for minimal inhibitory assays against C. albicans (21-23). 

2.5. Broth Microdilution Assay for Assessing Antifungal Activity of Lactobacillus CFSs 

The antifungal activity of crude Lactobacillus CFSs was evaluated using the broth microdilution 

method. Fifty microlitres (µl) of Sabouraud dextrose broth (SDB) was dispensed into columns 2-12 of 

sterile 96-well microtiter plates (MTPs). One hundred microlitres of crude Lactobacillus CFS was 

added to column 1, followed by serial two-fold dilutions across columns 2-11. The final 50 µl 

withdrawn from column 11 was discarded to ensure equal volumes in all wells. The C. albicans 

inoculum was prepared by transferring 1-2 colonies from fresh culture plates into 5 ml of sterile distilled 

water and mixing until the turbidity matched a 0.5 McFarland standard. One millilitre of this suspension 

was then added to 9 ml of SDB to yield the working inoculum. Fifty microlitres of inoculum was 

dispensed into each well (columns 1-12) using a multichannel pipette, beginning from column 12 and 

proceeding to column 1. Plates were sealed with parafilm and incubated at 37°C for 24 hours. All 

samples and controls were tested in triplicate. Crude CFSs of L. crispatus, L. reuteri, L. delbrueckii, 

and L. fermentum were tested against all fluconazole-resistant C. albicans isolates and the fluconazole-

susceptible ATCC reference strain. Endpoint determination was performed visually using a minimum 

inhibitory concentration (MIC) mirror and by adding resazurin dye (0.02%). Wells that turned pink 

indicated Candida growth, while orange wells indicated inhibition. Because CFSs do not have a defined 

antifungal concentration, the minimum inhibitory factor (MIF) was recorded instead of the MIC. The 

MIF was defined as the lowest dilution of crude CFS that completely inhibited visible growth. 

2.6. Collection and Preparation of Extracts from O. tenuiflorum, A. indica, and M. oleifera 

O. tenuiflorum, A. indica, and M. oleifera leaves were collected from the Botanical Gardens in Durban, 

South Africa. After removing dust and debris, the leaves underwent an initial washing step by 

immersion in deionized water for 1 minute. The leaves were then left to air dry naturally for 4-5 days, 

shielded from direct sunlight, for the preparation of aqueous extracts. For extract preparation, the dried 

leaves were cut into small pieces using sterilized scissors, and approximately 100 grams (g) of leaf 

material was combined with 500 ml of distilled water and boiled for 30 minutes at 100°C. Following 

boiling, the mixture was allowed to cool and then filtered to obtain the aqueous extract. The extracts 

were further filtered using punched Whatman filter paper (No. 1) (Sigma-Aldrich, Germany) and 

subjected to centrifugation (1500 rpm for 10 minutes) to remove residual solid particles. The resulting 

extracts were stored at -20°C until use (15). 
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2.7. Nanoemulsion preparation from O. tenuiflorum, A. indica, and M. oleifera Extracts 

The preparation of the oil phase involved creating a homogeneous organic solution comprising 400 μl 

of isopropyl myristate (Sigma-Aldrich, Germany) and 86 μl of Span 80 (Sigma-Aldrich, Germany), a 

lipophilic surfactant, dissolved in a water-miscible solvent. To prepare the aqueous phase, a 

homogeneous solution was formed by mixing 80 ml of water with 136 μl of Tween 80 (Sigma-Aldrich, 

Germany), a hydrophilic surfactant. Into this aqueous phase, 30 ml of the plant extract was introduced 

while the mixture was subjected to magnetic stirring. This resulted in the nearly instant formation of an 

oil-in-water emulsion as the organic solvent diffused into the external aqueous phase, creating nano-

sized droplets. Magnetic stirring was continued for 30 minutes to allow the system to reach equilibrium. 

To remove the water-miscible solvent, the emulsion was subjected to evaporation for 45 minutes under 

reduced pressure while being centrifuged at 1000 rpm. Subsequently, the emulsion was cooled by 

immersing it in an ice bath for 10 minutes. Various nanoemulsion concentrations, namely 1000 

micromolar (μM), 100 μM, 10 μM, and 1 μM, were prepared and stored at 4°C (15). 

2.8. Evaluation of Antifungal Activity of Plant-Based Nanoemulsions 

A disk diffusion method was adapted for this experiment. Overnight cultures of Candida albicans were 

grown on SDA, and a 0.5 McFarland standard was prepared using deionized water. Thereafter, 100 μl 

of the standardized inoculum was spread onto Mueller-Hinton agar plates. Sterile paper disks 6 

millimetres (mm) were saturated with the nanoemulsions, with 50 μl of different concentrations (1000 

μM, 100 μM, 10 μM, and 1 μM) added aseptically to each disk. The disks were then placed onto the 

Mueller-Hinton agar plates using aseptic techniques. Plates were incubated at 37°C for 24 hours under 

aerobic conditions. Antifungal activity was recorded as zones of clearance around the disks, and the 

diameters of these inhibition zones were measured in (mm) to determine inhibitory activity. 

2.9. Quantitative Biofilm Formation Assay for C. albicans Isolates 

The MTP assay described by Millsap et al. (2001) is the most widely used method and is considered 

the standard test for detecting biofilm formation (24). In the present study, ten fluconazole-resistant 

Candida isolates, along with the Candida ATCC strain, were tested for their ability to form biofilms. 

Individual wells of sterile, polystyrene, 96-well flat-bottom MTPs were filled with 100 µl aliquots of 

the C. albicans inoculum, and only SDB served as the control to check sterility and non-specific binding 

of the media. The MTPs were incubated aerobically for 72 hours at 37°C. After incubation, the contents 

of each well were gently removed by tapping the plates. The wells were washed four times with 200 µl 

of PBS to remove free-floating candidal cells. Biofilms formed by adherent candidal cells in the plate 

were stained with 100 µl of crystal violet (0.1%). Excess stain was rinsed off by thorough washing with 

200 µl deionized water, and the plates were dried by inverting and air-drying aseptically at room 

temperature for approximately 30 minutes to ensure complete evaporation of residual moisture. 





120 
 

3. Results 

3.1. Broth Microdilution Assay for Assessing Antifungal Activity of Lactobacillus CFSs 

The MIF of L. crispatus (Lactobacillus ATCC strain) against C. albicans isolates varied between the 

undiluted supernatant and dilutions up to 1:4. The fluconazole-susceptible Candida ATCC strain was 

inhibited at a dilution of 1:4 (Figure 1A). Among the resistant isolates, ZMO35 and ZMO65 were 

inhibited by a 1:2 MIF, while the majority, including ZMO10, ZMO11, ZMO44, ZMO85, ZMO135, 

and ZMO145, were inhibited only by a 1:1 MIF of L. crispatus. In contrast, isolates ZMO128 and 

ZMO142 (Figure 1B) required an undiluted supernatant for inhibition (Table 2). 

As shown in Table 3, the MIF of L. reuteri against C. albicans isolates ranged from the undiluted 

supernatant to dilutions of 1:8. The fluconazole-susceptible Candida ATCC strain showed the highest 

susceptibility, with inhibition observed at a dilution of 1:8. Among the resistant isolates, ZMO11 

(Figure 1C), ZMO44, and ZMO85 were inhibited at 1:2, while ZMO35 (Figure 1D), ZMO65, ZMO128 

and ZMO142 were inhibited at 1:1. In contrast, ZMO10, ZMO135, and ZMO145 required an undiluted 

supernatant for inhibition. 

The MIF of L. delbrueckii against C. albicans isolates ranged from undiluted to 1:8. The fluconazole-

susceptible Candida ATCC strain was the most susceptible, showing inhibition at a dilution of 1:8. 

Among the resistant isolates, ZMO11 (Figure 1C), ZMO44, and ZMO85 were inhibited at 1:2, while 

ZMO35 (Figure 1D), ZMO65, ZMO128, and ZMO142 were inhibited at 1:1. In contrast, ZMO10, 

ZMO135, and ZMO145 required an undiluted supernatant for inhibition, suggesting reduced 

susceptibility (Table 4). 

As shown in Table 5, the MIF of L. fermentum against C. albicans isolates ranged from undiluted to 

1:4. The fluconazole-susceptible Candida ATCC strain showed inhibition at a dilution factor of 1:4 

(Figure 1A). Among the resistant isolates, ZMO35 and ZMO65 were inhibited at a 1:2 dilution factor, 

while the majority, including ZMO10, ZMO11, ZMO44, ZMO85, ZMO135, and ZMO145, required a 

1:1 dilution for inhibition. In contrast, ZMO128 and ZMO142 (Figure 1B) were inhibited only by the 

undiluted supernatant, demonstrating reduced susceptibility.  
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Figure 1: MIF determination of Lactobacillus strains against clinical and ATCC strains of C. albicans, 

with (A) showing the effect of L. crispatus (rows A, B, and C) and L. fermentum (rows D, E, and F) 

against the fluconazole-susceptible C. albicans ATCC strain. (B) is MIF determination of L. crispatus 

(rows A, B, and C) and L. fermentum (rows D, E, and F) against C. albicans isolate ZMO142; while 

(C) is the effect of L. reuteri (rows A, B, and C) and L. delbrueckii (rows D, E, and F) against the 

fluconazole-resistant C. albicans isolate ZMO11. Lastly, (D) is the MIF determination of L. reuteri 

(rows A, B, and C) and L. delbrueckii (rows D, E, and F) against the fluconazole-resistant C. albicans 

isolate ZMO35. The pink colour denotes C. albicans growth and the orange colour shows growth 

inhibition.  
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3.2. Evaluation of Antimicrobial Activity of Plant-Based Nanoemulsions 

Supplementary Table 1 shows the inhibitory effect of the O. tenuiflorum nanoemulsion against the 

fluconazole-susceptible C. albicans ATCC strain, and the ten fluconazole-resistant C. albicans isolates 

were evaluated at concentrations ranging from 1000 µM to 1 µM. Complete inhibition (no growth) was 

observed at 1000 µM across all isolates tested, including the fluconazole-susceptible C. albicans ATCC 

strain and the ten fluconazole-resistant C. albicans isolates ZMO10-ZMO145 (Figure 2). At lower 

concentrations (100 µM, 10 µM, and 1 µM), growth was observed in all isolates, indicating a 

concentration-dependent antifungal effect where only the undiluted preparation was effective in 

suppressing Candida growth. 

As shown in Table 6, the antifungal activity of the O. tenuiflorum nanoemulsion was assessed using the 

agar well diffusion method across the fluconazole-susceptible C. albicans ATCC strain and the ten 

fluconazole-resistant C. albicans isolates. The zones of inhibition ranged from 16-18 mm, indicating 

consistent antifungal effects. The largest inhibition zones were observed against the ATCC strain 

(Figure 2) and isolate ZMO11 (18 mm), followed by ZMO10 and ZMO135 (17 mm). All other isolates, 

including ZMO35, ZMO44, ZMO65, ZMO85, ZMO128, ZMO142, and ZMO145 (Figure 2), 

demonstrated inhibition zones of 16 mm.  

Supplementary Table 2 shows the inhibitory effect of the A. indica nanoemulsion against the 

fluconazole-susceptible C. albicans ATCC strain, and the ten fluconazole-resistant C. albicans isolates 

were evaluated at concentrations ranging from 1000 µM to 1 µM. Complete inhibition (no growth) was 

observed at 1000 µM across all isolates, including the fluconazole-susceptible C. albicans ATCC strain 

and the ten fluconazole-resistant C. albicans isolates ZMO10-ZMO145 (Figure 3). At lower 

concentrations (100 µM, 10 µM, and 1 µM), growth was detected in all isolates, indicating that the A. 

indica nanoemulsion exhibits a concentration-dependent antifungal effect, with complete suppression 

of Candida growth only at the highest concentration tested. 

As shown in Table 7, the antifungal potential of the A. indica nanoemulsion was evaluated against the 

fluconazole-susceptible C. albicans ATCC strain and the ten fluconazole-resistant C. albicans isolates. 

The inhibition zones ranged from 17-20 mm, reflecting strong and consistent antifungal activity. The 

largest inhibition zones (20 mm) were observed in the ATCC strain (Figure 3) and isolate ZMO128, 

followed closely by ZMO11 and ZMO142 (19 mm). Several isolates, including ZMO35, ZMO44 

(Figure 3), ZMO85, and ZMO145, showed inhibition zones of 18 mm, while ZMO10, ZMO65, and 

ZMO135 demonstrated slightly smaller zones of 17 mm.  

Supplementary Table 3 shows the inhibitory effect of the M. oleifera nanoemulsion against the 

fluconazole-susceptible C. albicans ATCC strain, and the ten fluconazole-resistant C. albicans isolates 
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were evaluated at concentrations ranging from 1000 µM to 1 µM. Complete inhibition (no growth) was 

observed at 1000 µM across all isolates, including the fluconazole-susceptible C. albicans ATCC strain 

and the ten fluconazole-resistant C. albicans isolates ZMO10-ZMO145 (Figure 4). At lower 

concentrations (100 µM, 10 µM, and 1 µM), growth was consistently observed in all isolates, indicating 

that the M. oleifera nanoemulsion exerts a concentration-dependent antifungal effect, with full 

suppression of Candida growth only at the highest concentration tested. 

As shown in Table 8, the antifungal activity of the M. oleifera nanoemulsion demonstrated the strongest 

inhibition zones among the three plant extracts, with values ranging from 19-22 mm across the 

fluconazole-susceptible C. albicans ATCC strain and the ten fluconazole-resistant C. albicans isolates. 

The largest inhibition zones were observed in ATCC (Figure 4) and ZMO11 (22 mm), followed closely 

by ZMO10, ZMO35, ZMO65, and ZMO145 (21 mm). Inhibition zones of 20 mm were recorded in 

ZMO44, ZMO85, ZMO135, and ZMO142, while ZMO128 (Figure 4) showed the lowest zone of 

inhibition at 19 mm.  

 

 

Figure 2: Antifungal activity of the O. tenuiflorum nanoemulsion against the C. albicans ATCC 

fluconazole-susceptible strain with an inhibition zone of 18 mm (left) and the ZMO145 fluconazole-

resistant C. albicans isolate with an inhibition zone of 16 mm (right). Clear zones of inhibition were 

observed at 1000 μM, while no inhibition was detected at lower concentrations (100 μM, 10 μM, and 1 

μM). 
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Figure 3: Antifungal activity of the A. indica nanoemulsion against the fluconazole-susceptible C. 

albicans ATCC strain with an inhibition zone of 20 mm (left) and the fluconazole-resistant ZMO44 

isolate with an inhibition zone of 18 mm (right). Growth inhibition was observed at 1000 μM, while no 

inhibition was seen at 100 μM, 10 μM, and 1 μM. 
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3.3. Quantitative Biofilm Formation Assay for C. albicans Isolates  

Biofilm formation by the fluconazole-susceptible C. albicans ATCC strain and ten fluconazole-resistant 

C. albicans isolates was assessed using the MTP assay (Figure 5). As expected, the negative control 

wells (A1-A3), containing SDB only, showed no visible biofilm formation. In contrast, the fluconazole-

susceptible C. albicans ATCC strain (A4-A6) and all ten fluconazole-resistant C. albicans isolates 

(ZMO10-ZMO145) demonstrated visible biofilm development to varying extents, confirming the 

ability of these Candida isolates to form structured biofilms under in vitro conditions. This result 

established the baseline adherence and growth characteristics of the tested isolates, providing a platform 

for subsequent evaluation of antifungal and inhibitory treatments. 

Crystal violet staining of biofilms confirmed robust biofilm formation by the fluconazole-susceptible 

C. albicans ATCC strain and the ten fluconazole-resistant C. albicans isolates (Figure 6). Negative 

control wells (A1-A3), containing SDB alone, showed no staining, confirming the absence of biofilms. 

In contrast, all isolates demonstrated visible staining intensity, consistent with the presence of adherent 

biofilm biomass. The fluconazole-susceptible C. albicans ATCC strain (A4-A6) and the ten 

fluconazole-resistant C. albicans isolates (ZMO10-ZMO145) all exhibited marked crystal violet 

retention, though qualitative differences in staining intensity suggested variability in the strength of 

biofilm formation between isolates. This visualization further validated the adherence and biomass 

production of the tested isolates, serving as a baseline for subsequent quantitative OD measurements 

and treatment comparisons. 

 

 

Figure 5: Biofilm formation of the fluconazole-susceptible C. albicans ATCC strain and ten 

fluconazole-resistant C. albicans isolates (ZMO10-ZMO145) using the MTP assay. Negative control 

wells (A1-A3) contained SDB only, showing no biofilm formation. Visible biofilms were observed in 

all C. albicans isolates tested. 
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Figure 6: Crystal violet staining of biofilms formed by the fluconazole-susceptible C. albicans ATCC 

strain and the ten fluconazole-resistant C. albicans isolates (ZMO10-ZMO145) using the MTP assay. 

Negative control wells (A1-A3) contained SDB only, showing no staining. Visible staining in all other 

wells confirmed the production of biofilm biomass. 

 

3.4. Biofilm Inhibition of Plant Nanoemulsions & Lactobacillus CFSs Against C. albicans 

As shown in Figure 7 and Table 9, untreated negative controls exhibited strong biofilm formation across 

all C. albicans isolates, with OD values ranging from 0.543 ± 0.024 (ATCC strain) to 1.060 ± 0.010 

(ZMO10 isolate). According to the MTP classification system, these values correspond to strong 

adherence and high biofilm formation, confirming the robust biofilm-forming capacity of the isolates 

under baseline conditions. 

Treatment with fluconazole significantly reduced biofilm biomass (p < 0.0001). The fluconazole-

susceptible (ATCC strain) decreased to 0.067 ± 0.009, falling into the non or weak category, whereas 

the fluconazole-resistant isolates showed OD values between 0.355 ± 0.018 (ZMO135 isolate) and 

0.385 ± 0.012 (ZMO128 isolate). Despite reductions compared to the negative controls, the resistant 

isolates remained above the >0.320 threshold, confirming persistent strong biofilm formation when 

treated with fluconazole.  

In contrast, O. tenuiflorum, A. indica, and M. oleifera nanoemulsions exerted more profound and 

consistent effects on biofilm inhibition (p < 0.0001). Across all C. albicans isolates, OD values were 

reduced below the <0.120 threshold. For O. tenuiflorum, values ranged from 0.083 ± 0.002 (ATCC 

strain) to 0.117 ± 0.002 (ZMO135 isolate); for A. indica, from 0.086 ± 0.003 (ATCC strain) to 0.117 ± 

0.001 (ZMO35 isolate); and for M. oleifera, from 0.069 ± 0.002 (ATCC strain) to 0.111 ± 0.006 (ZMO35 

isolate). These results demonstrated that the plant-derived nanoemulsions completely inhibited biofilm 

development in both the fluconazole-susceptible C. albicans ATCC strain and the fluconazole-resistant 

C. albicans isolates (ZMO10, ZMO11, ZMO35, ZMO44, ZMO65, ZMO85, ZMO128, ZMO135, 

ZMO142, ZMO145), effectively shifting all strains from strong biofilm formers to non- or weak 

producers.  
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As shown in Figure 8 and Table 10, untreated controls exhibited strong biofilm formation across all 

isolates, ranging from 0.543 ± 0.024 (ATCC strain) to 1.060 ± 0.010 (ZMO10 isolate), consistent with 

the MTP classification of strong biofilm producers. Treatment with fluconazole significantly reduced 

biofilm biomass (p < 0.0001). The ATCC strain, which is fluconazole-susceptible, decreased to 0.067 

± 0.009, placing it in the non or weak biofilm category. In contrast, the fluconazole-resistant isolates 

continued to form strong biofilms, with OD values ranging from 0.355 ± 0.018 (ZMO135 isolate) to 

0.385 ± 0.012 (ZMO128 isolate), confirming the persistence of biofilm activity under antifungal stress. 

CFSs from Lactobacillus strains exerted broad-spectrum inhibition across all isolates (p < 0.0001). L. 

crispatus reduced biofilm OD values to between 0.077 ± 0.002 (ATCC strain) and 0.250 ± 0.036 

(ZMO10 isolate); L. reuteri suppressed biofilms from 0.075 ± 0.004 (ATCC strain) to 0.260 ± 0.037 

(ZMO145 isolate); L. delbrueckii reduced values from 0.066 ± 0.003 (ATCC strain) to 0.251 ± 0.037 

(ZMO135 isolate); and L. fermentum produced OD values ranging from 0.065 ± 0.003 (ATCC strain) 

to 0.296 ± 0.003 (ZMO10 isolate). According to MTP classification, many of these values fell into the 

moderate category (0.120-0.320), while several dropped below 0.120, indicating non or weak biofilm 

formation. 

All experiments were performed in triplicate, and results are presented as mean OD values at 492 nm ± 

SD. Data was analysed using ANOVA followed by Tukey’s multiple comparisons test to assess 

differences between treated groups and the untreated negative control. A p-value of < 0.05 was 

considered statistically significant, with all treatments demonstrating highly significant reductions in 

biofilm formation compared to controls (p < 0.0001). 
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This study compared conventional fluconazole with plant-derived nanoemulsions (O. tenuiflorum, A. 

indica, and M. oleifera) and CFSs from Lactobacillus species (L. crispatus, L. reuteri, L. delbrueckii, 

and L. fermentum) against biofilm formation of C. albicans. Using an ATCC fluconazole-susceptible 

strain and ten fluconazole-resistant isolates, we found that fluconazole reduced, but did not eliminate, 

biofilm biomass in resistant isolates. Whereas undiluted plant nanoemulsions at a concentration of 1000 

μM drove OD 492 nm values below the non or weak biofilm threshold, and Lactobacillus CFSs 

inhibited growth with strain-dependent MIFs. These results reinforce two themes in contemporary 

mycology: azole tolerance and resistance are accentuated in the biofilm state (28), and natural plant 

products and Lactobacillus metabolites provide alternative mechanisms to disrupt Candida adhesion 

and fitness (17, 29). 

Azoles remain first-line therapy for VVC, yet C. albicans biofilms are intrinsically more tolerant than 

planktonic cells (30). Mechanisms include drug sequestration in the extracellular matrix, upregulation 

of efflux pumps (CDR1, CDR2, MDR1), altered sterol biosynthesis (ERG11) mutations, stress responses, 

and chromosomal plasticity (31, 32). Our observation that resistant isolates maintained strong biofilms 

despite fluconazole exposure aligns with reports that azole tolerance is enhanced in biofilms compared 

to planktonic cells (33). Clinical reviews also emphasise that biofilm-mediated resistance is 

multifactorial and contributes to poor outcomes in RVVC (34). The clinical context reinforces these 

concerns. Centers for Disease Control and Prevention and Infectious Diseases Society of America 

guidelines continue to recommend azoles for uncomplicated VVC and maintenance dosing for recurrent 

infections (35, 36), but these treatments do not address biofilm-specific tolerance. Our finding that 

resistant isolates persisted as strong biofilm formers under fluconazole parallels the gap between clinical 

efficacy in susceptible strains and the refractory phenotype of biofilm-associated resistance. 

In contrast to fluconazole, undiluted (1000 µM) nanoemulsions of O. tenuiflorum, A. indica, and M. 

oleifera consistently reduced biofilm biomass to non or weak levels across all isolates. Essential oils 

and phytochemicals from Ocimum species have been reported to inhibit Candida growth by disrupting 

membranes, inhibiting ergosterol biosynthesis, and generating oxidative stress (37, 38). A. indica 

extracts exert broad-spectrum antimicrobial effects, including anti-Candida activity, attributed to 

azadirachtin, nimbin, and related limonoids (39). M. oleifera contains flavonoids, alkaloids, and 

peptides with fungistatic and antibiofilm activity (40, 41). Our concentration-dependent outcomes agree 

with prior work demonstrating dose-dependent inhibition of Candida biofilms by plant-derived 

compounds (42). 

Nanoemulsions likely enhance efficacy by improving the solubility, dispersion, and stability of 

hydrophobic phytochemicals, and by increasing the interfacial surface area, thereby facilitating contact 

with fungal cells. Studies have shown that nanoemulsion formulations of essential oils enhance 
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antifungal activity, reduce MICs, and improve antibiofilm outcomes (43, 44). Importantly, recent 

studies, including Naicker et al. (2024), have confirmed that nanoemulsions prepared from these plants 

not only retain their antifungal activity but also demonstrate 0% haemolytic activity, highlighting their 

favourable safety profile (15). Our results mirror this delivery advantage, with strong inhibition by 

undiluted (1000 µM) preparations and a decline in activity with serial dilution. Although we focused 

on C. albicans, similar effects have been observed against other Candida species. Nanoemulsion studies 

highlight broad antifungal effects and potential synergy with azoles (45). Future work could explore 

combinatorial approaches, as synergy may allow lower dosing and reduce toxicity (46). 

Beyond O. tenuiflorum, A. indica, and M. oleifera, other plant-based nanoemulsions have demonstrated 

broad-spectrum antifungal and antibiofilm activity. Montenegro et al. (2025) showed that a Gomortega 

keule essential oil nanoemulsion reduced MICs against both C. albicans and non-albicans Candida 

species, highlighting cross-species potential (45). De Almeida et al. (2025) reported that Syzygium 

aromaticum oil nanoemulsions co-formulated with amphotericin B achieved synergistic effects against 

Candida auris while maintaining low cytotoxicity (47). Similarly, gelatine-stabilized nanoemulsions 

carrying terbinafine and essential oils effectively penetrated biofilms, disrupting their structure and 

viability with minimal mammalian cell toxicity (48). These findings complement our results by 

underscoring that nanoemulsions not only improve phytochemical bioavailability but also provide 

versatile platforms for combination therapy. Collectively, this growing body of evidence supports 

nanoemulsions as promising delivery systems capable of enhancing potency, reducing host toxicity, and 

overcoming resistance mechanisms in Candida biofilms. 

CFSs from L. crispatus, L. reuteri, L. delbrueckii, and L. fermentum inhibited C. albicans growth, 

though activity varied by isolate. This variation reflects known strain-dependent metabolite profiles. 

Lactobacillus species inhibits Candida via multiple mechanisms: lactic acid production, hydrogen 

peroxide, bacteriocin-like inhibitory substances, and quorum-sensing interference that blocks hyphal 

formation (49-51). Our finding that the fluconazole-susceptible C. albicans ATCC strain was generally 

more susceptible than the fluconazole-resistant C. albicans isolates agrees with reports that resistance 

mechanisms in clinical isolates can blunt the effects of Lactobacillus metabolites (17). Clinical literature 

supports the potential of Lactobacillus species in managing VVC, though results are heterogeneous. 

Akinosoglou et al. (2024) and Liu et al. (2023) reviewed clinical trials and concluded that Lactobacillus 

species may reduce recurrence and support antifungal therapy, but outcomes depend on strain, route, 

and formulation (52, 53). Our in vitro data provide mechanistic plausibility for the use of Lactobacillus 

species but underscore the need for carefully selected standardized strains with validated colonization 

capacity. 
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Additional studies reinforce the multifaceted mechanisms by which Lactobacillus metabolites inhibit 

Candida virulence. Poon et al. (2023) demonstrated that CFSs from L. rhamnosus and L. plantarum 

suppressed biofilm formation and filamentation in C. albicans and C. tropicalis, accompanied by 

downregulation of adhesion and morphogenesis genes (ALS1, ALS3, EFG1, and TEC1) (17). Jang et al. 

(2019) further confirmed the therapeutic potential in vivo, showing that CFSs from L. crispatus and L. 

fermentum reduced fungal burden and hyphal invasion in a murine model of VVC (54). At the molecular 

level, Wang et al. (2017) found that L. crispatus metabolites downregulated hyphae-associated genes 

(ALS3, HWP1, ECE1) through activation of the repressor NRG1 (55). More recently, MacAlpine et al. 

(2021) identified 1-acetyl-beta-carboline, a small molecule secreted by Lactobacillus, which blocks the 

yeast-to-hypha transition by inhibiting the Yak1 kinase (51). Together, these findings highlight that 

Lactobacillus metabolites do not act via a single pathway, but instead modulate multiple virulence 

networks, supporting their potential as adjunctive therapies for recurrent and resistant VVC. 

For uncomplicated VVC, azoles remain suitable first-line agents; however, recurrent and resistant cases 

demand alternative strategies. Our finding that plant nanoemulsions suppressed biofilm biomass across 

fluconazole-resistant C. albicans isolates indicates promise for topical formulations. Prior haemolysis 

studies suggest non-toxic nanoemulsions can be safely developed for mucosal use (15, 44). 

Lactobacillus species, particularly vaginal formulations containing L. crispatus, may complement such 

therapies by restoring protective microbiota (53). 

To our knowledge, this is the first study to directly compare the antibiofilm effects of plant-derived 

nanoemulsions and Lactobacillus CFSs against both fluconazole-susceptible and fluconazole-resistant 

C. albicans isolates. Previous work has separately investigated plant extracts or Lactobacillus species 

against Candida, but none have evaluated these natural agents’ side by side under the same experimental 

conditions. By demonstrating that fluconazole-resistant isolates maintain strong biofilms under azole 

treatment, while O. tenuiflorum, A. indica, and M. oleifera nanoemulsions completely suppressed 

biofilm development and Lactobacillus metabolites from (L. crispatus, L. reuteri, L. delbrueckii, and L. 

fermentum) exerted additional inhibitory activity, this study provides novel evidence of the potential 

for alternative strategies to overcome biofilm-associated antifungal resistance. These findings highlight 

an important gap in the literature and position plant-derived nanoemulsions and Lactobacillus 

metabolite-based therapies as promising adjuncts for managing VVC, particularly in the context of 

rising azole resistance. 
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5. Limitations 

This study has several limitations that should be acknowledged. All experiments were conducted under 

in vitro conditions, which may not accurately reflect the complex host-microbe and immune interactions 

occurring in vivo, particularly within the vaginal environment where mucosal immunity, microbiota 

diversity, and pH fluctuations are influential. The study focused exclusively on C. albicans isolates, 

despite the rising clinical importance of non-albicans Candida species, which may exhibit different 

biofilm phenotypes and antifungal susceptibility profiles. Only Lactobacillus CFSs were tested, 

omitting potential synergistic effects that may arise from live Lactobacillus cultures through 

colonization, competition, or immune modulation. Lastly, the study did not assess potential synergistic 

or antagonistic interactions between fluconazole, plant nanoemulsions, and Lactobacillus metabolites, 

limiting insights into their combined therapeutic potential. 

 

6. Conclusion 

This study highlights the limited efficacy of fluconazole against biofilm-associated, fluconazole-

resistant C. albicans, as resistant isolates retained strong biofilm-forming capacity even under 

antifungal exposure. In contrast, undiluted (1000 µM) plant-derived nanoemulsions from O. 

tenuiflorum, A. indica, and M. oleifera demonstrated potent inhibitory effects, completely suppressing 

biofilm development. CFSs from Lactobacillus strains also reduced Candida growth and biofilm 

formation, although their impact varied depending on both Lactobacillus strain and Candida isolate. 

Collectively, these findings support the potential of natural therapies, such as plant nanoemulsions and 

Lactobacillus supernatants, as adjuncts to conventional antifungals, particularly in cases of fluconazole-

resistant VVC. Looking ahead, two key priorities emerge: the development of safe, vaginally 

compatible nanoemulsion formulations and the clinical translation of Lactobacillus strains with 

consistent anticandidal activity. Combination studies examining the interactions among plant 

nanoemulsions, Lactobacillus supernatants, and azole antifungals are necessary to optimise therapeutic 

strategies. Ultimately, in vivo studies and clinical trials will be critical to validate the efficacy of these 

natural interventions in treating biofilm-associated, recurrent, and drug-resistant VVC. 
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CHAPTER 5 

Synthesis 

Understanding the epidemiological, phenotypic, genotypic, and molecular characteristics of C. albicans 

remains essential for addressing the growing global challenge of VVC. The increasing burden of 

antifungal resistance, coupled with expanding treatment failures, recurrent disease patterns, and 

changing host demographics, has transformed VVC from a typically manageable superficial infection 

into one with significant public health implications (Sobel, 2016; Denning et al., 2018). Globally, 

millions of women experience RVVC annually, with fluconazole resistance emerging as a major 

contributor to therapeutic failure (de Cássia Orlandi Sardi et al., 2021). In South Africa, the challenge 

is compounded by high rates of HIV infection, altered immunity, and restricted access to diverse 

antifungal agents, placing women at particularly high risk for symptomatic and recurrent disease 

(Naicker et al., 2016; Barnabas, 2019). Despite this burden, local data characterising C. albicans strain 

diversity, antifungal susceptibility patterns, biofilm-forming capacity, and molecular resistance 

mechanisms remain limited. This knowledge gap hinders the development of context-specific 

diagnostic and therapeutic guidelines. The present thesis therefore sought to provide a comprehensive, 

multidimensional assessment of C. albicans isolates from South African women using integrated 

genotypic, phenotypic, molecular, and therapeutic approaches to generate a holistic understanding of 

strain behaviour, resistance mechanisms and potential alternative treatments. 

Central to the persistence and pathogenicity of C. albicans is its remarkable genetic plasticity, which 

allows it to rapidly adapt under selective pressures such as host immunity, environmental stress, and 

antifungal exposure (Nobile and Johnson, 2015). This organism possesses a highly flexible genome 

capable of undergoing microevolutionary shifts, phenotypic switching, chromosomal rearrangements, 

and biofilm formation, all of which contribute to its dual ability to exist as both a commensal and a 

pathogen (Mayer, Duncan and and Hube, 2013). As azole antifungals remain the first-line therapy in 

many regions, including South Africa, widespread and often repeated fluconazole exposure has 

intensified selective pressure, accelerating the emergence of resistance (Whaley, 2018). Monitoring 

resistance mechanisms within local Candida populations is thus urgently required to ensure accurate 

surveillance, inform clinical decision-making, and maintain effective treatment strategies. 

Globally, the increase in fluconazole resistance among C. albicans isolates is driven by several well-

characterised mechanisms. These include the upregulation of efflux pumps, mutations and 

overexpression of the ERG11 gene, alterations in ergosterol biosynthesis, and an enhanced capacity for 

biofilm formation (Perlin, Rautemaa-Richardson and Alastruey-Izquierdo, 2017; Bhattacharya, Sae-Tia 

and Fries, 2020). As each mechanism contributes uniquely to resistance severity and treatment outcome, 

it is necessary to examine strain behaviour across multiple analytical levels, epidemiological, 

phenotypic, molecular, and therapeutic, to gain a comprehensive understanding of local resistance 
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dynamics. While international literature has extensively explored these mechanisms, very few studies 

have contextualised them in South African women. This reality formed a significant motivation for the 

present research project. 

A foundational step in understanding C. albicans behaviour involves characterising strain diversity. 

ABC genotyping, which classifies isolates based on size polymorphism within the 25S rDNA region, 

remains a globally recognised tool used to explore strain variation and potential links to virulence, 

epidemiology, and antifungal resistance (McCullough, Clemons and Stevens, 1999; Fornari et al., 2016). 

Several international studies suggest that genotypes A, B, and C may differ in pathogenic potential, 

capacity for antifungal resistance, or association with recurrent infections (Gerós-Mesquita et al., 2020; 

Gharaghani et al., 2022). However, in South Africa, genotyping is not routinely incorporated into 

Candida surveillance, contributing to limited knowledge regarding local strain distributions and their 

potential clinical implications. The present study, therefore, undertook a detailed analysis of its 

genotypic patterns to expand the understanding of local C. albicans population structure. 

The genotyping results revealed that genotype A was the most common genotype circulating in this 

cohort, a finding consistent with global and African studies (da Silva-Rocha et al., 2014; Ali-Shtayeh 

et al., 2015; Fornari et al., 2016). Genotype A strains have been characterised as highly adaptable, often 

exhibiting strong biofilm formation, enhanced virulence, and greater tolerance to antifungal stress 

(Zhang et al., 2020; Al-Groom, Ali and Shaqra, 2024). These traits may provide genotype A strains with 

ecological advantages within the vaginal niche, particularly among women with disrupted microbiota, 

hormonal fluctuations, or immune compromise (Gerós-Mesquita et al., 2020; Gharaghani et al., 2022). 

The relatively lower prevalence of genotypes B and C is also consistent with global patterns, where 

these groups appear less frequently in both commensal and clinical isolates (Muadcheingka and 

Tantivitayakul, 2015; Ali, Ghamry and Ibrahim, 2024). The presence of all three genotypes, however, 

highlights underlying genetic heterogeneity within the population and underscores the importance of 

continued molecular surveillance to detect shifting trends, especially as antifungal resistance increases. 

A notable observation in this study was the presence of fluconazole-resistant isolates predominantly 

within genotype A. Although ABC genotyping cannot independently predict antifungal susceptibility, 

several studies have reported trends linking genotype A with reduced susceptibility to azoles (Fornari 

et al., 2016; Al-Groom, Ali and Shaqra, 2024). The evolutionary versatility of genotype A may facilitate 

the acquisition or induction of resistance-associated mechanisms, particularly under sustained azole 

pressure (Whaley, 2018; Fisher et al., 2022). This pattern highlights the multifaceted nature of 

fluconazole resistance, influenced by genetic composition, environmental exposure, and clinical 

practices (Perlin, Rautemaa-Richardson and Alastruey-Izquierdo, 2017; Pfaller et al., 2019). The 

genotyping findings generated in this thesis, therefore, provide valuable insight into local resistance 

evolution and reinforce the need for genotype-informed surveillance. 
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While genotyping provides critical epidemiological insights, phenotypic susceptibility testing remains 

essential for evaluating the potential clinical response. The fluconazole minimum inhibitory 

concentration (MIC) patterns observed in this study demonstrated the presence of reduced susceptibility 

and resistance, consistent with reports from various African regions (Africa and Abrantes, 2016; Mushi 

et al., 2019). As RVVC is strongly associated with azole exposure, rising resistance is particularly 

concerning. Fluconazole, while widely used, is known to have limited activity against biofilm-

associated cells, and resistance in planktonic populations often predicts even poorer outcomes in 

established infections (Wall et al., 2019). The phenotypic resistance patterns identified in this thesis, 

therefore, highlight an emerging challenge within South African clinical settings, especially in areas 

where antifungal options remain limited. 

To complement the phenotypic findings, molecular evaluation of the ERG11 gene expression provided 

deeper insight into the mechanisms underpinning resistance. Upregulation of ERG11 is a well-

documented azole resistance mechanism that reduces fluconazole binding efficiency and facilitates 

continued ergosterol production despite drug exposure (Flowers et al., 2015; Nishimoto, Sharma and 

Rogers, 2019). The consistent overexpression of ERG11 observed among resistant isolates in this study 

reinforces the hypothesis that transcriptional upregulation, rather than point mutations alone, may be a 

dominant resistance mechanism within the local population (Whaley, 2018; Lee et al., 2020). This 

aligns with global research suggesting that increased ERG11 transcription is particularly prevalent in 

settings where fluconazole is widely used as the primary antifungal agent (Arastehfar et al., 2020; 

Doorley et al., 2023). The molecular findings in this thesis, therefore, contribute crucial new knowledge 

to the limited pool of South African resistance research, supporting the integration of gene expression 

profiling into future diagnostic and surveillance frameworks. 

Phylogenetic analysis provided additional insight into the evolutionary dynamics of resistance. The 

clustering of resistant isolates into distinct sub-groups suggests that resistance may not emerge 

randomly but instead may be concentrated within specific evolutionary lineages (Tian et al., 2021; Gong 

et al., 2023). These findings mirror international studies demonstrating that resistant strains often cluster 

together, indicating either shared ancestry or convergent evolution under antifungal pressure (Muñoz et 

al., 2021). The alignment of elevated ERG11 expression with phylogenetic clustering strengthens the 

argument that both functional and evolutionary drivers contribute to resistance patterns in this 

population. This reinforces the broader clinical concern that resistant strains may persist within 

communities, particularly in settings where empirical fluconazole therapy is standard. 

The rise of antifungal resistance further underscores the need to explore novel therapeutic options that 

can address the limitations of conventional azoles. The natural therapeutics component of this study, 

therefore, adds significant translational value to the broader research trajectory. Plant-derived 

nanoemulsions have gained increased interest due to their ability to enhance the solubility, stability, and 



150 
 

bioavailability of phytochemicals with known antifungal properties (Gao et al., 2024; Zafar et al., 2024). 

In this study, plant nanoemulsions formulated from O. tenuiflorum, A. indica and M. oleifera 

demonstrated noteworthy inhibitory activity against planktonic C. albicans, exhibiting particularly 

strong antifungal effects. These findings align closely with international literature, which reports the 

potent antimicrobial activity of A. indica-derived compounds, such as nimbidin and azadirachtin, as 

well as nanoemulsions derived from O. tenuiflorum and M. oleifera (Khan and Javed, 2021; Naicker, 

Govender and Abbai, 2024). 

Equally important was the nanoemulsions’ ability to disrupt preformed biofilms. Biofilms remain one 

of the most significant challenges in VVC management, contributing significantly to resistant infections, 

recurrent disease, and treatment failure (Nett and Andes, 2020; Lohse et al., 2020). The enhanced 

penetration and delivery capacity of nanoemulsions likely contributed to their improved antibiofilm 

effects, supporting the concept that nanotechnology can overcome some of the protective barriers 

associated with fungal biofilms (Rao et al., 2021). These findings provide a compelling argument for 

the development of topical nanoemulsion-based formulations as adjunctive therapies for VVC, 

especially in cases where azole resistance undermines treatment efficacy. 

Parallel to the plant-based formulations, the Lactobacillus CFSs evaluated in this study demonstrated 

strong antifungal and antibiofilm activity. Lactobacilli play a central role in maintaining vaginal 

homeostasis through the production of lactic acid, bacteriocins, and hydrogen peroxide, which inhibit 

pathogenic microbes (van de Wijgert and Verwijs, 2020; Poon and Hui, 2023). The inhibition of growth 

and early biofilm formation observed in this study supports growing international evidence that 

probiotic-derived metabolites can inhibit azole-resistant strains (Ribeiro et al., 2020; Parolin et al., 

2022). These findings demonstrate the feasibility of microbiota-based therapeutics as low-cost, 

biologically compatible options for managing RVVC or resistant VVC. 

Taken together, the integrated findings of this thesis reveal a complex and evolving landscape in which 

C. albicans infections are driven by interactions between strain diversity, resistance mechanisms, 

antifungal exposure, and biofilm-associated survival. The predominance of genotype A, the detection 

of resistant isolates, the confirmed overexpression of ERG11, and the demonstrated antibiofilm potential 

of natural therapeutics collectively provide a strong scientific foundation for advancing diagnostic and 

therapeutic strategies within South Africa. The convergence of these elements underscores the need for 

updated treatment guidelines that incorporate susceptibility testing, molecular surveillance, and 

integrative therapeutic approaches. In settings where fluconazole remains the only widely accessible 

antifungal, exploring alternative and adjunctive therapies becomes essential to mitigate the spread of 

resistance, reduce recurrence, and improve treatment outcomes. 

Overall, this thesis presents a multidimensional, contextually relevant, and scientifically robust 

assessment of C. albicans in South African women. By combining genotypic, phenotypic, molecular 
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and therapeutic insights, it advances the understanding of resistance evolution and provides promising 

new avenues for effective management of VVC in resource-limited settings. 

Strengths of the study 

This thesis possesses several notable strengths that enhance its scientific value, methodological rigour, 

and contribution to the field of medical microbiology. One of the most significant strengths is the 

comprehensive and multi-dimensional approach undertaken to characterise C. albicans isolates from 

South African women. By integrating phenotypic antifungal susceptibility testing, ABC genotyping, 

quantitative gene expression analysis, and therapeutic evaluation using both plant-based nanoemulsions 

and Lactobacillus CFSs, this research provides a holistic and layered understanding of strain behaviour, 

resistance mechanisms, and treatment vulnerabilities. Very few local studies have combined these 

methodologies within a single project, making this thesis one of the most extensive evaluations of C. 

albicans in a South African clinical population. 

Another key strength lies in the use of locally collected clinical isolates, which ensures that the findings 

are directly relevant to South African women and reflective of the unique epidemiological landscape 

shaped by high HIV prevalence, RVVC burden, and widespread use of azole antifungals. The inclusion 

of both pregnant and non-pregnant women further strengthens the generalisability of the findings. 

Additionally, the molecular component of the study provides novel local evidence of ERG11 

overexpression and phylogenetic clustering, thereby enhancing understanding of resistance 

mechanisms in this region. 

Methodologically, the study benefits from rigorous laboratory procedures, appropriate controls, and 

adherence to recognised Clinical and Laboratory Standards Institute (CLSI) guidelines for antifungal 

susceptibility testing. The incorporation of nanoemulsion technology and probiotic-derived metabolites 

represents an innovative therapeutic exploration that adds translational value. Together, these strengths 

position the thesis as a robust and impactful contribution to the literature on C. albicans epidemiology, 

resistance, and alternative therapeutics. 

Limitations of the study 

Despite its strengths, this study has limitations. One limitation relates to the restricted number of 

fluconazole-resistant isolates included in the gene expression and phylogenetic analyses. Although 

these isolates were selected to represent the observed resistance patterns, the small sample size, 

particularly the limited number of resistant isolates evaluated, may have reduced statistical power and 

constrained the identification of additional molecular or evolutionary trends. Similarly, the study did 

not investigate efflux pump activity, point mutations within ERG11 or other genes implicated in azole 

resistance (e.g., CDR1, CDR2, MDR1), which may complement the expression findings and further 

clarify resistance pathways. 
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Another limitation is that the nanoemulsion and CFS assays were conducted under in vitro conditions, 

which, while informative, may not fully capture the complexity of the vaginal microenvironment. 

Factors such as mucosal immunity, microbial interactions, and host hormonal influences were not 

assessed but may influence therapeutic effectiveness in vivo. Additionally, the study did not evaluate 

potential synergistic effects between natural therapeutics and fluconazole, which could provide 

clinically relevant insights into combination therapy strategies. 

Finally, this research was conducted at a single clinical site in KwaZulu-Natal, which may limit the 

generalisation of findings to other regions with different demographic or clinical characteristics. 

Nonetheless, these limitations do not diminish the value of the study; instead, they highlight important 

areas for future research aimed at expanding the understanding of C. albicans epidemiology and therapy 

within South Africa. 

Conclusion 

This thesis provides a comprehensive and integrated understanding of C. albicans infections among 

South African women by examining the organism from a multifaceted approach that incorporates 

genotypic diversity, phenotypic susceptibility, molecular resistance mechanisms, and the potential of 

novel therapeutic strategies. Together, these findings create a unified scientific narrative that reflects 

both the complexity and the clinical urgency of VVC in settings where antifungal resistance is rising 

and treatment options remain limited. 

The study revealed that C. albicans isolates circulating within this population exhibit notable genetic 

diversity, with genotype A emerging as the predominant lineage. This genotype not only reflected global 

distribution patterns but was also observed among isolates demonstrating reduced susceptibility to 

fluconazole, suggesting a possible link between genotype and resistance potential. These findings 

highlight the importance of monitoring strain distribution and its relationship to antifungal response, 

particularly in regions where azole exposure is widespread. 

Phenotypic susceptibility testing further demonstrated that some isolates exhibited elevated fluconazole 

MIC values, reinforcing growing international concerns regarding reduced azole susceptibility in C. 

albicans. This trend was more clearly understood through molecular analyses, which showed significant 

upregulation of ERG11 in resistant isolates. The overexpression of ERG11, a well-established 

mechanism of azole resistance, confirmed that resistance in this cohort is at least partly driven by 

transcriptional adaptation, reflecting the selective pressure of prolonged azole use. Phylogenetic 

clustering of resistant isolates also suggested that resistance traits may be conserved within specific 

evolutionary lineages, pointing to a need for ongoing molecular surveillance. 

Beyond characterising resistance, this thesis explored therapeutic alternatives capable of addressing the 

challenges posed by fluconazole resistance and biofilm-associated tolerance. The plant-based 
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nanoemulsions formulated from O. tenuiflorum, A. indica, and M. oleifera demonstrated encouraging 

antifungal and antibiofilm activity. These findings are significant considering the persistence of biofilm-

associated infections and the limited efficacy of conventional antifungals against biofilm-embedded 

cells. Complementing this, the Lactobacillus CFSs exhibited substantial inhibitory activity against both 

planktonic growth and early biofilm formation, aligning with global evidence supporting the protective 

role of probiotic metabolites in vaginal health. 

Taken together, the collective findings of this thesis highlight the multifaceted nature of VVC and 

reinforce the need for integrated approaches that combine molecular surveillance, improved diagnostic 

accuracy, and the development of new therapeutic modalities. By generating locally relevant evidence 

and evaluating practical, low-cost treatment alternatives, this work makes a meaningful contribution to 

addressing the emerging threat of antifungal resistance within South African clinical and public health 

settings. Ultimately, the thesis highlights the importance of ongoing interdisciplinary research to support 

effective clinical management and inform future therapeutic innovations for women affected by 

recurrent or drug-resistant C. albicans infections. 

Future recommendations 

Future research should prioritise expanded molecular surveillance to track the evolution and 

dissemination of resistant C. albicans lineages, including larger-scale genomic studies to identify 

additional resistance determinants beyond ERG11 overexpression. Routine antifungal susceptibility 

testing should be incorporated into clinical practice to guide evidence-based treatment decisions, 

particularly in settings where fluconazole is widely used as first-line therapy. Further exploration of 

plant-based nanoemulsions and Lactobacillus metabolites is warranted, including optimisation of 

formulations, in vivo validation, and the development of clinical-grade therapeutic prototypes suitable 

for vaginal application. Integrating these alternative therapeutics into combination strategies alongside 

conventional antifungals may help overcome biofilm-associated resistance and reduce recurrence rates. 

Additionally, greater attention should be directed toward understanding host-microbiome interactions 

and immunological factors influencing susceptibility to VVC, as these insights could inform 

personalised interventions aimed at restoring vaginal homeostasis. Together, these recommendations 

pave the way for developing accessible, effective, and sustainable solutions to address the rising burden 

of antifungal-resistant C. albicans in South Africa and beyond. 
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